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The development of nanoscopic devices has pushed forward the possibilities in the fields of 
filtration, biosensing and nanofluidics. Combined with adapted materials such as biocompatible 
polymers, those innovative tools represent a promising technology for future biomedical 
applications. 
The main topic of this thesis is the preparation of nanomaterials made of proteins and polymers. 
Even though the technology has advanced in the last decades to design new devices at the atomic 
scale, researchers are still inspired by what Nature has produced and optimized for millions of years. 
Following this concept, this work uses membrane proteins forming water-filled channels which 
regulate the flow of ions, nutrients and biomolecules in cells. They act as the gates of the 
membranes and determine if a molecule passes or not. 
More specifically, the proteins involved in this project are the porins Omp2a and VDAC36. Omp2a 
is a 16-stranded β-barrel from the gram-negative bacterium Brucella melitensis. On the other hand, 
VDAC36 is a slightly larger barrel composed of 19 β-strands and located in mitochondria of 
Solanum tuberosum, a plant model. The following manuscript is divided in two main parts: 1) the 
thermomechanical study of proteins and polymers and 2) the development of a new hybrid 
nanomembrane. 
The first part investigates the thermomechanical properties of the latest hybrid membrane developed 
by the IMEM group: an ultra-thin nanoperforated poly(lactic acid) (PLA) film loaded with Omp2a. 
For this purpose, a new equipment based on the microcantilever technology was employed: the 
SCAnning LAser analyzer (SCALA). SCALA analyses the surface of coated cantilevers by 
reflecting a laser beam on it. The sample (and the cantilever) placed in a thermocontrolled chamber 
is warmed up/cooled down with high precision. It allows following the cantilever bending induced 
by the compression/expansion of the sample coating (i.e. proteins or polymers in our case).  
Using the aforementioned method, the intermolecular reorganization of Omp2a aggregates was 
evidenced as well as the protein secondary structure stability against temperature. The same method 
was employed to study the impact of nanofeatures on ultra-thin films of PLA. Nanopores, 
nanoperforations and nanodomains composed of organic drugs were added to the films. Those 
nanofeatures, by their size, abundance and location, affected the apparent glass transition and the 
cold crystallization temperatures. Those results suggest that the properties of future nanomaterials 
can be modulated by such treatments. Moreover, this work established a protocol for the study of 
biomolecules and polymers attached to microcantilevers, allowing an accurate analysis of the 




The second part of the thesis is the development of a new hybrid nanomaterials composed of 
VDAC36, PLA and poly(3,4-ethylenedioxythiophene) (PEDOT). Contrary to Omp2a, no protocol 
was already established for VDAC36 production. For this purpose, the expression of the protein in 
bacteria and the subsequent purification by chromatography were optimized. Membrane proteins 
require a specific environment (i.e. amphiphilic) to retain their structure and activity. For this 
reason, a refolding step is necessary to recover its native form. The refolding was achieved using a 
protocol based on the combination of a detergent and a di-alcohol. The recovery of the secondary 
and tertiary structure was assessed by circular dichroism and intrinsic fluorescence, respectively. 
The formation of dimers and tetramers was then evidenced by cross-linking. Interestingly, the 
tetramers were degraded into dimers by a reducing agent, suggesting the involvement of an 
intermolecular disulphide bond. The protein was then reconstituted into lipid vesicles (i.e. 
liposomes) and the size of the channel was determined by swelling assay.  
After that, the polymer material was prepared. The assembly of PLA and PEDOT nanofilms was 
achieved to take profit of the promising PEDOT electrochemical properties and the mechanical 
integrity and robustness of PLA. The PLA layers were prepared by spin-coating and nanoperforated 
by solvent etching. It allowed the PEDOT to grow by electropolymerization through the 
perforations and cover the entire surface of the PLA. The PEDOT layer was then covered by a new 
layer of nanoperforated PLA. The protein was finally immobilized on the surface by solvent 
evaporation. Fluorescence, FTIR and XPS evidenced its presence in the material and microscopy 
studies the correct superposition of each polymer layer. Electrochemical impedance spectroscopy 
was performed to thoroughly describe the electrical properties of the new 3-layered material. The 
addition of VDAC36 into the material induced a decrease in its electrical resistance and enhanced 
its supercapacitive properties. Moreover, the complete description of the electrical equivalent circuit 
demonstrated the ion diffusion process induced by addition of the protein.  
Based on the previous results, a similar membrane was prepared using a mixture of EDOT and a 
modified EDOT monomer, containing an α-dodecyl chain instead of the ethylenedioxy group. The 
modification aimed to mimic the protein natural membrane made of lipids. Indeed, VDAC36, like 
all porins, has a high content of hydrophobic residues and may require a suitable matrix to 
maximize its activity. The mixture of both monomers could indeed successfully provide a higher 
content of retained proteins. An impedance study revealed again that the resistance was decreased 
and the supercapacitive properties enhanced after addition of the proteins. Finally, the biomaterial 
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1.1. Motivation of the research 
The term nanotechnology was coined by Professor Taniguchi in 1974, defining the emerging field 
as “the processing of separation, consolidation and deformation of materials by one atom or one 
molecule” [1]. A broader conception of the now ubiquitous term refers to all components 
purposefully constructed at the nanoscale (i.e. one billionth of a meter) to fulfil a specific function. 
For systems at this scale, the manipulation of atoms and molecules is an intrinsic component of 
endeavours towards the dream of maximum accuracy. Implicit to this achievement is the equal 
necessity of precision while constructing the materials and the ingenuity to navigate around 
technological limitations such as instrument resolution. Nevertheless, scientists and engineers have 
developed numerous applications for a broad range of fields such as water purification, electronics, 
medicine, drug development or energy among many others [2–4]. 
Controlling the organization of molecules and atoms is far from an easy task. To circumvent this 
obstacle, researchers developed innovative methods to achieve their goal. Three different 
approaches to achieve the preparation of nanodevices are briefly described here (Figure 1.1). The 
first one, lithography, is a clever method to design the surface of a nanomaterial, especially in 
electronics [5]. Practically, a light or electron beam is directed towards a stencil that makes a pattern 
on the silicon surface. In that way, the irradiated atoms have a different reactivity which causes 
them to interact with other chemicals. Another method is to literally move or deposit the atom(s) on 
the surface of the material. Dip-pen patterning is achieved by using the very precise tip of an atomic 
force microscope (AFM) that can interact with one single atom or drop of solution [6]. 
Alternatively, self-assembling, in which a disordered system spontaneously turns into an organized 
structure, is commonly exploited to design nanostructure [7]. Taking advantage of the natural self-
organization of matter, it permits a three-dimensional building compared to the above mentioned 
approaches. In a similar concept, taking directly profit of what the nature has built during millions 
of years can prove itself to be very efficient. Indeed, biomimetics stimulated the engineers and 
scientists during the last decades to design numerous technologies [8–10]. Planes, cars, trains, boats, 
adhesive surfaces, water filtration devices, ventilation systems are all technologies present in our 
daily life that were improved by learning from the nature. Biomimetics evolved from a simple 
imitation to an integration and combination of natural structures for the development of functional 
materials (Figure 1.2). The strategy consists in surveying the naturally occurring biological 
structures associated with the properties to be achieved by the new synthetic materials [11]. In all 






Figure 1.1: Schematic representation of three methods for designing nanomaterials. From top to bottom: 
Lithography, dip pen patterning and self-assembling. 
In this framework, nanomaterials based on proteins offer countless potential nanosized devices such 
as nanoreactors [12], filtration devices [13], nanosensors [14], or drug delivery systems [15-16]. 
Many of these applications usually require channel shaped components which provide nanoscopic 
pathways for the passage of molecules. Appropriately, a family of proteins, called porins, can 
naturally form channels. They undoubtedly are serious candidates for the development of new 
applications and deserve particular attention from any learned person willing to develop 
nanodevices. The general purpose of the present thesis is to build new nanomaterials based on the 





Figure 1.2: Schematic representation of biomimetics with the integration of biological elements (proteins) in 
synthetic nanomaterials. 
1.2. Proteins, structure and function 
Proteins are biological macromolecules synthesized by cells to ensure all functions of the organism. 
Each protein is composed of a specific combination of amino acids named primary structure and 
coded by a specific gene in the DNA. There are 20 natural amino-acids differing by their lateral 
chain. The length of proteins usually ranges from 100 to 1000 amino acids. This long chain folds 
itself into secondary structural elements such as α-helices or β-sheets (Figure 1.3). Those elements 
arrange themselves into a 3D tertiary structure, which exhibits specific features and shape ensuring 
the proper activity of the protein [17]. The process during which the protein acquires its correct 
tertiary structure is called (re)folding. Protein’s structure is affected by the physicochemical 
conditions of the medium. If the latter fails to provide a suitable environment, the protein will lose 
its conformation and stay reversibly inactive. In some cases, multiples identical proteins gather to 
form an oligomer representing the quaternary structure. While the amino acids are covalently 
bonded, the tertiary structure is mainly stabilized by hydrogen bonds. Proteins have utility in a wide 
range of processes like structural purposes, performing and controlling chemical reactions or 
transporting ions and molecules [18]. Besides, proteins can be divided into two mains categories: 
soluble and membrane. The first category is composed of proteins soluble in water and, usually, 
they spontaneously adopt their active conformation. On the contrary, membrane proteins are not 
soluble in water. They are located in lipid bilayers that provide an amphiphilic environment that 






Figure 1.3: Structure of an amino acid and the peptide bond. Representation of the four levels of structures in 
proteins [17]. 
The function of transport is of particular interest in the design of nanoapplications. The type of 
transport in which this thesis is focused implies the move of molecules or ions across the biological 
membrane (lipid bilayer). The latter is impermeable to water or any hydrophilic molecule and 
protect the cell from its external environment [19]. To allow the passage of molecules from any side 
to the other, transport proteins are disseminated along the membrane. They act as the gates of the 
membrane and determine if a molecule passes or not. The solutes may be transported in two ways: 
actively and passively (Figure 1.4). The active way, performed by carrier proteins, is assimilated to 
a pump which transports the solutes from a low concentration to a high concentration environment. 
Because this is thermodynamically unfavourable, the process requires the use of energy, usually by 
ATP hydrolysis to modify the conformation of the protein. On the other hand, the passive transport 
does not use energy and solutes follow the concentration gradient. The proteins responsible of 
passive diffusion have a tertiary structure forming a channel [20]. Because of their location in the 
outer membrane of gram-negative bacteria or mitochondria, they are often referred as “outer 
membrane protein” (OMP). They generally adopt a barrel structure composed of anti-parallel β-
strands, hence the name β-barrel (Figure 1.5) [21]. Some α-helices structure can also form channels, 





Figure 1.4: Representation of the lipid bilayer (membrane) of a cell with two types of transport proteins: 
channel proteins and carrier proteins respectively performing the passive and active modes of transport [19].  
The smallest β-barrel contains 8 strands while the largest one has 24. The higher is the number of 
strands, the larger the diameter of the channel is. The outside facing part of the barrel is 
hydrophobic to match the alkyl chains of the lipids while the internal water-filled part contains 
charged and hydrophilic residues. The nature of the internal residues may determine the potential 
selectivity of the channel. The majority of the β-barrels does not present any particular substrate 
selectivity and allows the diffusion of various hydrophilic solutes like ions, sugars or amino acids to 
name a few. The size of the solute still limits the ability of the barrel to diffuse it. Generally, the 
diameter of the channel usually ranges from 10 to 40 Å and logically any molecule exceeding these 
dimensions is not able to pass. In addition, β-barrels exhibit exceptional robustness and stability 
over time and temperature [23]. Those features make them competitive for their insertion in non-
biological synthetic environment such as polymers. Those particular proteins, called porins, are the 
biological material studied in the present Thesis for the development of new nanomaterials. 
 
Figure 1.5: Cartoon representation of the protein Omp2a, a β-barrel protein. Secondary structure is displayed 
with the following colors: β-strands (yellow), α-helix (red), turns (cyan) and loops (white). The channel formed 






The particular amphiphilic environment that lipid bilayers provide is necessary for the membrane 
protein to retain its active form. Such requirement represents a challenge for the integration of β-
barrels into a synthetic membrane. Hence, the latter should also provide amphiphilic conditions to 
retain the activity of the proteins. In this context, polymers appear as the obvious choice to provide a 
suitable matrix. Polymers are natural (DNA, cellulose, collagen...) or synthetic (plastics) 
macromolecules composed of numerous repeating structural units, the monomers, covalently 
bonded during the polymerization reaction. Polymers are mainly composed of carbon and hydrogen 
that constitute the main chain (backbone) but other elements such as oxygen, nitrogen, phosphorus 
or sulphur are also abundant. Inorganic polymers can have their backbone, for instance, made of 
silicon but they will not be discussed here. 
Polymers can be composed of a unique repeating unit or can have two, three or more different 
species. In that case, they are named co-polymers and have different possible arrangements of 
subunits. The number of subunits is much larger than in proteins, with numbers rising up to 10
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monomers. Monomers can assemble in a linear way to form long straight chains where each subunit 
reacts with the extremity. Branching can occur when the growth point is not only the last added 
subunit but also intermediate subunits. Moreover, distinct chains can connect with others to result in 
cross-linking. Branching and cross-linking can reduce the density of the material and therefore alter 
its rigidity, transparency, fluidity etc. Those parameters can be deliberately modified to obtain the 
properties wanted for the final product.  
Another way to influence those properties is to control polymerization reactions. Doing so, the 
length of the chains can be adjusted as well as the stereochemistry of the polymer. The nature of the 
chemical groups present on the monomers generally leads the mechanism of reaction. Addition and 
condensation are the two main types of polymerization reaction. Addition requires the activation of 
a monomer containing a double carbon-carbon bond by a free-radical. The free-electron on the 
activated monomer is then propagated by opening the double bond of successive monomers, thus 
constructing the chain. Condensation on the other hand involves two different chemical groups (X-
H and O-H) and the loss of a water molecule. Condensation needs higher temperature and longer 
time than addition and usually leads to shorter chains.   
The nature of the chemical groups present on the monomers generally leads the mechanism of 
reaction. However one polymer can be produced by more than only one mechanism and the 




mechanism. The choice of the monomer according to its hydrophilicity/hydrophobicity, molecular 
weight, reactivity is also important for the final applications [25]. In summary, polymers offer a 
wide range of assets such as great versatility, good resistance to chemicals, accessible preparation 
and good control of their morphology [26].  
The large majority of polymers are electrical insulators. However, researchers evidenced that some 
particular polymers were electrical conductors. More precisely, conducting polymers (CPs) are 
considered as semiconductors as their conductivity still do not match metals. The electrical 
properties of CPs are essentially due to the organized distribution of π-bonds (Figure 1.6). 
Alternating single and double bonds (i.e. conjugation) allows the electrons to move across the entire 
polymer. Among the properties offered by CPs, electrical conductivity is of particularly interesting 
in the search of responsive nanodevices. 
 
Figure 1.6: Structure of poly(3,4-ethylenedioxythiophene) (PEDOT), a conducting polymer and mechanism of 
conductivity by π-bonds conjugation. 
1.4. State-of-the-art 
Researchers have already considered polymers and channel proteins as important tools for 
nanotechnology. For instance, Balme et al. confined the protein Gramicidin-A in a polycarbonate 
nanoporous film with a thickness of 5 µm [27]. They demonstrated that the protein could be 
selectively confined inside the nanopores and with that the ionic conductance of the membrane was 
enhanced after integration of the channel. In another study, Güven et al. inserted FhuA, a large β-
barrel of 22 strands, in a vesicle of poly(dimethyl siloxane) and poly(2-methyl-2-oxazoline) thereby 
achieving the control of the release of calcein, a fluorescent molecule [28]. They also engineered the 
protein by mutating key amino acids inside the channel, thus enhancing the release. FhuA, as a 
promising versatile channel, attracted other scientists who also modified the protein by extending its 
hydrophobic surface. They then inserted it in a membrane of poly(isobutylene) and 
poly(ethyleneglycol) for controlling drug release [29]. Using poly(dimethylsiloxane) and poly(2-





reconstituting the channel protein OmpF, a 16-stranded β-barrel. The protein acted as a size-
selective filter preventing the transport of molecules larger than 400 g/mol [30]. Similar vesicles 
were used for the insertion of Tsx, a channel of 12 β-strands specifically diffusing nucleotides [31]. 
In a different perspective, the eight stranded β-barrel aponitrobindin was used as a catalyst for the 
phenylacetylene polymerization [32]. The inner part of the channel contained a rhodium complex 
which usually yields the trans- isomer of the polymer. After its insertion into the protein, the cis- 
isomer was produced, proving the development of a stereoselective catalyst. In bioelectronics, 
Gramicidin-A was employed to achieve ionic to electronic signal transduction [33]. The protein was 
loaded on an electrical chip embedded in poly(dimethylsiloxane) to create ion-sensitives 
nanodevices.  
Inspired by those promising works, the laboratories Innovation Material and Molecular Engineering 
(IMEM) from the Polytechnic University of Catalonia (Barcelona, Spain) and Physical Chemistry of 
Biomolecules from the University of Namur (Belgium) joined their expertise to develop new hybrid 
polymeric nanomaterials containing channel proteins. Two projects were achieved during this 
collaboration by using Omp2a, a β-barrel protein. The Omp2a protein is found in the bacterium 
Brucella melitensis and is composed of 16 β-strands with a channel diameter of 0.74 nm. Omp2a is 
considered as a general porin, meaning it has no definite selectivity. Nevertheless, an interesting 
behaviour was observed while the protein was embedded in the polymer films.  
The first film was made of poly(N-methyl-pyrrole) (PNMPy), a conjugated conducting, 
biodegradable and biocompatible polymer [34]. It was previously used in biomedical and 
biotechnological applications (Figure 1.7) [35]. The porin Omp2a was added in the polymerization 
medium for its integration on a steel-supported PNMPy film with a thickness around 300 nm. The 
insertion of Omp2a promoted the exchange of ions between the support and the electrolyte solution. 
Electrochemical impedance spectroscopy analysis showed that the conductivity of the 
bionanomaterial was dependent of the ion concentration. This dependence was not observed in 
absence of protein. The results demonstrated that the resistance of the polymer film was reduced by 
40%, due to the protein ability to diffuse ions. Interestingly, it was observed that Omp2a favoured 




. The biofilm behaved as a smart ion-channel with potential for 
applications in biosensing. The major limitation of the PNMP-Omp2a film was its requirement to be 
supported on another material (steel in that case) for the electropolymerization of the polymer. To 
design innovative new applications, especially in biomedical fields, the development of free-





Figure 1.7: Surface characterization by SEM of a film of poly(N-methyl-pyrrole) (PNMPy). (a) PNMPy after 
integration of Omp2a, a channel protein, into the film and (b) PNMPy alone. The SEM pictures show the 
presence of the protein phase and the connection with the polymer phase is indicated by the dashed circles [34]. 
Another bionanomaterial based on Omp2a was prepared by using poly(lactic acid) (PLA) [36]. This 
insulating polymer can be produced from renewable biomass and is biodegradable and 
biocompatible. Unlike PNMPy, PLA films do not require a rigid support and can feature size-
controlled nanoperforations (Figure 1.8). Self-supported PLA nanomembranes were prepared by 
spin-coating a mixture of PLA and poly(vinyl alcohol) (PVA). By selective solvent etching, the 
PVA domains were dissolved causing the formation of the nanoperforations. The films obtained had 
a thickness around 100 nm.  The proteins were then loaded into the nanopores which increased the 
ion transport activity. The resistance of the nanomaterial was reduced by 60% with the presence of 
Omp2a. Besides, the diffusion of Na
+
 was preferred over K
+ 
as measured in the PNMPy-Omp2a 
film. Those previous works motivated us to pursue the design of hybrid nanomaterials combining 






Figure 1.8: Surface characterization by of a free-standing film made of poly(lactic acid) (PLA). (a) 
Nanoperforated PLA film. (b) Nanoperforated PLA film after integration of the channel protein Omp2a. (c) 3D 






The present thesis hypothesizes that the combination of rationally selected polymers with β-barrel 
proteins could lead to the development of bionanosensors. The electrical response of such 
nanodevices would depend on the solutes crossing the protein channel towards the responsive 
polymer. 
The main objective is to prepare a new nanomaterial including the protein VDAC36, a porin that 
forms a water-filled channel and presents a voltage-gating ability. The polymers retained as the 
material’s support are a well-known conducting polymer, PEDOT, and PLA. PEDOT provides the 
electrical conductivity necessary for accurate sensing while PLA offers the robustness needed for a 
stable free-standing material. By combining the assets of the three components, the project aims at 
developing an innovative responsive nanobiosensor. 
A side objective of this thesis is to understand better the features of the latest hybrid nanomaterial 
designed by the IMEM group. More specifically, it involves the study of the thermomechanical 
properties of the Omp2a porin and nanomodified poly(lactic acid) (PLA) films by using an 
innovative microcantilever technology. 
To achieve the first objective, the next steps were followed: 
 Produce and purify the VDAC36 protein 
 Refold the VDAC36 using the sodium dodecyl sulfate (SDS) - 2-methyl-2,4-pentanediol 
(MPD) method 
 Characterize VDAC36 and determine its pore size 
 Optimize the assembling of PEDOT and PLA 
 Insert VDAC36 into the polymer film 
 Characterize the film and verify the insertion of the protein 
 Study the electrical properties of  the hybrid material by electrochemical impedance 
spectroscopy 
Likewise, to accomplish the second objective the next steps were followed: 
 Produce and purify the Omp2a protein 
 Refold the Omp2a using the SDS-MPD method 
 Study the effect of temperature on Omp2a using standard spectroscopic techniques 
 Develop and optimize the fixation of Omp2a and PLA on microcantilevers 







The present work involves the utilization of polymers and channel proteins and their combination 
for the preparation of hybrid nanofilms with enhanced ion transport activity. As a result of their 
structural relevance for the design of nanomaterials, the transport proteins Omp2a and VDAC 
proteins were selected.  
Omp2a is located in the gram-negative bacterium Brucella responsible of the Brucellosis, a zoonotic 
infection affecting mammals [37]. The protein is composed of 367 amino acids for a total molecular 
weight of 39 kDa and it assembles into a trimer. Previous functional studies revealed the transport 
function of the protein and further topology prediction showed its β-barrel structure [38]. The barrel 
is made of 16 antiparallel β-strands separated by short turns on the intracellular side and longs loops 
on the extracellular side. The third loop, the longest, folds inside the barrel to form an α-helix 
constricting the channel. The minimum diameter of the inner channel of 0.74 nm allows molecules 
such as sugar (e.g. maltotetraose) to pass through the pore [39]. The model we have developed 
shows that the loops carry an excess of negative charges while the inner part of the channel is 
mainly positively charged [24]. Moreover, two pathways have been identified for the ions transport. 
This supports the preferential diffusion of some ions observed after integration of Omp2a into 
poly(pyrrole) and poly(lactic acid) nanomembranes [34-36].  
VDAC36, for voltage-dependent anion channel, is a plant pore-forming protein found in the outer 
mitochondrial membrane of Solanum tuberosum [40]. It contains 277 amino acids for a total weight 
of 30 kDa. The function of VDAC proteins is associated with the permeability of the mitochondria. 
Specifically, they regulate the diffusion of ions and metabolites such as nicotinamide adenine 
dinucleotide hydrogen (NADH) or adenosine triphosphate (ATP). VDAC proteins adopt a β-barrel 
structure composed of 19 antiparallel β-strands. This conformation forms an inner channel restricted 
by an α-helix at the N-terminal extremity that folds into the pore [41]. The strands are separated by 
short turns on both sides of the protein, making the pore more accessible than the one of Omp2a. 
The diameter of the channel is about 2.0 nm allowing large molecules to pass through it [42]. 
Interestingly, VDAC proteins have a gating ability. Depending the electric potential, the inner α-
helix undergoes conformational changes and the channel can switch from an open to a closed-state 
or vice-versa [43]. This feature is very promising for the development of smart bionanomaterials 
with controlled diffusion. 
Regarding the matrix containing the channel proteins, PLA was chosen for its ability to be stable 




controlled nanoperforations across the film and to select its thickness and shape [44]. Another 
polymer, PEDOT, was also considered for this study. It is a CP with supercapacitive properties 
promising for the development of sensors with tuneable electric response [45]. Both PLA and 
PEDOT are non-cytotoxic and their synergetic combination could lead to electroactive free-standing 
nanomaterials with potential biomedical applications.  
The methodology followed to complete the study was divided into three tasks described below. 
Task 1: Protein production 
In order to perform the numerous analyses along this project, an appropriate quantity of protein is 
needed. When it comes to the production of transport proteins, as with all membrane proteins, the 
process is considered as challenging [46]. Indeed, their over-expression in bacteria often results in 
the formation of biologically inactive aggregates called inclusion bodies, which are incompetent 
elements for any meaningful structural or functional study [47]. Still, the over-expression in 
inclusion bodies can present several advantages compared to classical expression. First, it is less 
stressful for host bacteria and the produced proteins are less prone to degradation and high 
expression levels can be reached [48]. For those reasons, the selected proteins are produced in E. 
coli bacteria in inclusion bodies. 
Task 2: Purification and refolding of the protein  
The produced proteins are obtained in an inactive (i.e. unfolded) and impure form. They were 
therefore purified by fast protein liquid chromatography. The aforementioned requirement of 
membrane proteins to be surrounded by an amphiphilic medium to remain active makes their 
refolding difficult. Nevertheless, the CPB group for the University of Namur has demonstrated the 
reliability of an original protein refolding procedure, based on the synergistic association of the SDS 
anionic detergent with a diol-type organic cosolvent, the MPD [49-50]. This method has been 
extensively applied to various proteins such as β-barrel structures. The protocol simplicity and low 
economic costs make it a serious asset for the acquisition of active channel proteins. To characterize 
the proteins, diverse techniques are employed such as circular dichroism (CD), fluorescence, UV-
vis absorbance to name a few. Functionality tests and oligomer formation studies are carried in 






Task 3: Polymers preparation and protein integration 
The crucial step of this work is to prepare a suitable nanofilm that welcomes the active channel 
protein. PLA has proved itself to be able to host the protein but lacks the electroactivity that PEDOT 
provides. Stacking layers of PLA and PEDOT seems to be a smart option to combine the features of 
the two polymers. PLA nanomembranes are prepared by spin-coating a mixture of PLA and PVA. 
By selective solvent etching, the PVA is dissolved causing the formation of nanoperforations ready 
to receive the proteins.
 
PEDOT is directly polymerized onto the underlying PLA layer. The process 
is repeated to create the final film. Then, the protein is immobilized in the PLA nanoperforations by 
deposition and solvent evaporation.
 
The hybrid nanofilms are then characterized by an array of 
techniques (including electron and atomic force microscopies (SEM and AFM)) to assess their 
morphology at the nanoscale. The insertion of the protein is verified by X-ray photoelectron 
spectroscopy (XPS) and FTIR spectroscopy. Electrochemical impedance spectroscopy (EIS) is 
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2. Thermomechanical response of Omp2a 
Summary 
The thermomechanical response of Omp2a, a representative channel protein recently used for the 
fabrication of smart biomimetic nanomembranes made of poly(lactic acid), has been characterized 
using microcantilever technology and compared with standard proteins. For this purpose, thermally-
induced transitions involving the conversion of stable trimers to bigger aggregates, local 
reorganizations based on the strengthening or weakening of intermolecular interactions, and protein 
denaturation, have been detected by the microcantilever resonance frequency and deflection as a 
function of the temperature. Measurements have been carried out on arrays of 8-microcantilevers 
functionalized with proteins (Omp2a, lysozyme and bovine serum albumin). In order to interpret the 
measured nanofeatures, the response of proteins to temperature has been also examined using other 
characterization techniques, including real time wide angle X-ray diffraction. Results not only 
demonstrate the complex behaviour of porins, which exhibit multiple local thermal transitions 
before undergoing denaturation at temperatures higher than 105°C, but also suggest a post-treatment 
to control the orientation of immobilized Omp2a molecules in functionalized biomimetic 
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This chapter and the following focus on the free-standing nanomaterial composed of poly(lactic 
acid) (PLA) and Omp2a that was developed in the IMEM laboratory [1]. It demonstrated promising 
results to modify the electrical activity (enhanced conductivity) of the material after addition of the 
proteins. Additionally, the selectivity of the material towards ions emerged after addition of the 
proteins. This previous work motivated us to deepen the understanding of the properties of the 
hybrid nanomaterial. More specifically, the following chapter studies the thermomechanical 
properties of the protein Omp2a using an innovative microcantilever technology. 
Recently, there has been a paradigmatic shift in the experimental study of materials with 
applications in biomedicine: new methods have been developed to study phenomena associated to 
single molecules and their small supramolecular/nanostructured aggregates when embedded within 
complex platforms with functional interfaces for clinical applications. In particular, micro- and 
nano-sized mechanical techniques based on the principle that variations in electrostatic, van der 
Waals and steric intermolecular interactions on the surface of functionalized cantilever cause 
bending (deflection) of a few nanometers, are playing a fundamental role [2]. The combination of 
these miniaturized mechanical systems with electrical and, especially, optical displacement sensors 
has been applied for, among others, chemisorption measurements in air at room temperature with up 
to yoctogram (10
-24 
g) resolution [3-4], drug screening [5-6], characterization of the 
thermomechanical response and the glass transition temperatures of macromolecular ultra-thin films 
[7-8],
 
detection of DNA strands [9], observation of the hydration-dehydration (swelling-deswelling) 
of molecular systems [10–12], and identification of biological species through their molecular mass 
and stiffness improving the capabilities of conventional mass spectrometers [13-14].
 
Porins are -barrel outer membrane proteins (OMPs) that form water-filled open channels and allow 
the passive penetration of hydrophilic molecules. Due to their capacity in exchange ions and small 
nutrients over the outer membrane, porins have been used to fabricate smart biomimetic 
nanomembranes (NMs) that could incorporate biological functions, such as controlled ion transport 
[15]. For this purpose, OMPs are immobilized onto supported organic or inorganic nanomembranes 
[16–19], or even confined inside synthetic pores [1-20-21]. Apparently, in all cases the 
nanostructured porin aggregates formed in the resulting biointerfaces play a crucial role in the 
selective ion permeability. However, the size and shape of these structures are drastically influenced 
by the chemical environment, being usually different from those found in the natural state. For 
example, the individual trimeric units found in natural environments for Omp2a [22-23], a -barrel 
OMP from Brucella melitensis, self-associate into hierarchical structures with around 6-8 trimeric 
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units when the protein incorporates onto the surface of supported NMs or inside the synthetic pores 
of polymeric free-standing NMs for biosensing, nanofluidics and ion-rectifying for energy 
conversion [1-18].  
The organization of -barrel OMPs in synthetic environments is investigated as a function of the 
temperature, thereby applying microcantilever deflection technologies to hierarchical structured 
Omp2a (367 residues, 39 kDa). The interpretation of these measurements has been carried out with 
the aid of the results obtained using other techniques, such as FTIR spectroscopy, circular dichroism 
(CD), dynamic light scattering (DLS), wide angle X-ray diffraction (WAXD), X-ray photoelectron 
spectroscopy (XPS) and atomic force microscopy (AFM). The distinctive thermal transitions 
identified for Omp2a, which compare with those observed for conventional proteins such as 
lysozyme (LYS; 129 residues, 14.4 kDa) and bovine serum albumin (BSA; 583 residues, 66.5 kDa), 
have been unraveled and their consequences and effects analyzed.  
  




Materials. Octosensis Microcantilever-Arrays (chips with eight mono crystalline Si cantilevers, 500 
μm in length) were obtained from Micromotive GmbH (Mainz, Germany). The following chemicals 
were purchased from Sigma-Aldrich and used as received without further purification: isopropanol, 





hydrate (NTA-NH2) (97%), 1-[(3-dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC), 
N-hydroxysuccinimide (NHS), 2-(N-morpholino)ethanesulfonic acid (MES), 2-amino-2-
(hydroxymethyl)-1,3-propanediol (Tris base), carbonate/bicarbonate buffer, phosphate buffered 
saline (PBS, pH7.4) Sodium chloride was purchased from Panreac (Spain). Bovine serum albumin 
(BSA, fraction V) and lysozyme (LYS) were purchased from BioLabs (England) and Fluka, 
respectively. The Omp2a protein was expressed, purified, and refolded using a previously reported 
procedure [22-23]. 
FTIR spectroscopy. FTIR spectra of BSA, LYS and Omp2a were recorded on a FTIR 4100 Jasco 
spectrophotometer. The samples were placed in an attenuated total reflection accessory with thermal 
control and a diamond crystal (Specac model MKII Golden Gate Heated Single Reflection Diamond 
ATR). For each sample 46 scans were performed with a resolution of 2 cm
-1
. Spectra were recorded 
at 30°C and 100°C. FTIR spectroscopy was used to examine the secondary structure of the proteins. 
Specifically, the number and position of the peaks in the Amide I region, which were derived from 
the second derivative and deconvoluted spectra, provided information about the protein 
conformation. Fourier self-deconvolution was performed with the software PeakFit 4 (Jandel 
Scientific Software, AISN Software Inc.), the resulting profiles being fitted to Gaussian functions 
through the OriginPro 7.5 software.  
Circular dichroism (CD). CD measurements of BSA and LYS were performed using a 1 
commercial Dulbecco’s Phosphate Buffered Saline (PBS) from Gibco with a protein concentration 
of 0.01 mg/mL, whereas a sodium dodecyl sulfate (SDS) – 2-methyl-2,4-pentanediol (MPD) buffer 
(60 mM SDS, 1.5 M MPD, 400 mM NaCl, 50 mM Tris-HCl pH 8) with a protein concentration of 
0.005 mg/mL was used for Omp2a. It should be noted that the different buffer selection is due to the 
fact that the Omp2a structure is protected by amphiphilic SDS–MDP detergents.
22,23
 Spectra were 
recorded between 190 and 250 nm using a Chirascan-plus qCD spectrometer (Applied 
Photophysics, APL; UK) equipped with a temperature-controlled cell. Spectra were obtained using 
heating (from 5°C to 90°C) and cooling (from 90°C to 5°C) runs stopping every 5°C for 5 minutes 
with a heating rate of 5°C/min. Machine settings were as follows: 1 nm bandwidth, 1 s response, 0.5 
nm data pitch, 100 nm/min scan speed and cell length of 10 mm. All CD spectra presented in this 
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work correspond to the average from three independent measurements. Spectra were deconvoluted 
using the CDSSTR method of the DichroWeb server [24]. 
Dynamic light scattering (DLS). The influence of the temperature in the shape and aggregation of 
BSA, LYS and Omp2a was studied by DLS following the variation of the particle effective 
diameter (Deff) when the temperature increases from 20 to 60°C. Proteins were dissolved in the 
buffers described above for CD measurement using the same concentrations. Measurements were 
performed using a NanoBrook Omni Zeta Potential Analyzer from Brookheaven Instruments 
Corporation. Deff values correspond to average values of the corresponding particle size 
distributions, which were determined in steps of 10°C (heating/cooling rate 10°C/min) stopping for 
2 minutes before the measurement.  
Wide angle X-ray diffraction (WAXD). Time resolved WAXD experiments were carried out at 
the NCD beamline (BL-11) of the Alba synchrotron radiation light facility of Cerdanyola del Vallès 
(Catalunya). The beam was monochromatized to a wavelength of 1.5406 Å. Samples were confined 
between Kapton films and then held in a Linkam hot stage with temperature control within ±0.1°C. 
WAXD profiles were acquired during heating and cooling runs in time frames of 7.5 s and a rate of 
4°C/min. The WAXD detector was calibrated with diffractions of a standard of a Cr2O3 sample. The 
diffraction profiles were normalized to the beam intensity and corrected considering the empty 
sample background. Deconvolution of WAXD peaks was performed with the PeakFit v4 program 
by Jandel Scientific Software using a mathematical function known as “Gaussian area”. 
Functionalization of silicon microcantilever chips. The functionalization protocol, which was 
applied to silicon microcantilever chips previously hydroxylated at the surface with a H2O2:H2SO4 
(3:1 v/v) mixture, consisted of four steps: 
1. Silanization. Hydroxylated microcantilevers were silanized with 0.2 % of (3-
glycidyloxypropyl)trimethoxysilane in dry toluene overnight at room temperature under 
nitrogen atmosphere. Afterwards, samples were washed with toluene and milli-Q water. 
2. Carboxylation. Silanized microcantilevers were incubated into 100 mM Nα,Nα-
bis(carboxymethyl)-L-lysine hydrate (NTA-NH2) solution in 50 mM carbonate buffer (pH 
9.5) overnight, at room temperature, and under gentle agitation. After this, carboxylated 
substrates were washed with 50 mM carbonate buffer (pH 9.5) and milli-Q water. 
3. Activation. The carboxyl groups arising from NTA-NH2 at the microcantilever surface 
were activated for direct reaction with primary amines via amide bond formation with a 
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mixture of 100 mM EDC and 150 mM NHS, both dissolved in 10 mM MES (pH5.5). 
Samples were incubated for 30 min at 37°C under gentle agitation and, then, extensively 
rinsed with 10mM MES (pH 5.5).  
4. Protein immobilization. A solution of 0.1 mg/mL of protein (BSA, LYS or Omp2a) was 
prepared in 10mM MES (pH 5.5). The cantilevers were incubated for 2 h at 37ºC. After 
that, samples were washed with 10 mM MES (pH 5.5) and incubated for 45 minutes at 
37°C with 1PBS with 0.3 M NaCl to desorb proteins not covalently bonded to the surface. 
X-ray photoelectron spectroscopy (XPS). XPS was used to analyze the chemical composition at 
the surface of silicon substrates. The system (SPECS Surface Nano Analysis GmbH, Berlin, 
Germany) was equipped with a non-monochromatic twin anode X-ray source XR50 of Mg/Al (1253 
eV/1487 eV). Specifically, the Al anode was operated at 150 W. Detector pass energy was set at 25 
eV and 0.1 eV for the survey and the narrow scans (high resolution spectra), respectively, at a 
pressure below 7.5 × 10
−9
 mbar. Casa XPS software (Version 2.3.16, Casa Software Ltd., 
Teignmouth, UK) was used to fit and perform peak integration of spectra. The C 1s peak was used 
as an internal reference (284.8 eV). High resolution XPS spectra were acquired by Gaussian–
Lorentzian curve fitting after S-shape background subtraction. 
Wettability. Contact angle measurements were conducted using the water drop method. 0.5 µL of 
milliQ water drops were deposited onto the surface of the substrate and recorded after stabilization 
with the equipment OCA 15EC (DataPhysics Instruments GmbH, Filderstadt). The SCA20 software 
was used to measure the contact angle, which is shown in this work as the average of at least 10 
measures for each sample. 
Atomic Force Microscopy. Atomic Force Microscopy (AFM) was conducted to obtain topographic 
images of the non-functionalized and functionalized surfaces using Si TAP 150-G probes (Budget 
Sensors, Bulgaria) with a frequency of 150 kHz and a force constant of 5 N/m. Images were 
obtained with an AFM VEECO Multimode under ambient conditions in tapping mode. The row 
scanning frequency was set between 0.6 and 0.8 Hz. The root-mean-square roughness was 
determined using the statistical application of the NanoScope Analysis software (1.20, Veeco). 
Resonance frequency measurements and cantilever displacement. Cantilever resonance 
frequency and displacement measurements were carried out by means of the SCALA equipment 
(Scanning Laser Analyzer, from MecWins), a recently developed technology for the optical read-
out of cantilevers [8-25-26]. The readout technique combines the optical beam deflection method 
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and the automated two-dimensional scanning of a single layer beam by voice-coil actuators. The 
equipment has been implemented with a thermal chamber containing a thermoelectric cooler and a 
cartridge heater. These elements are capable of sweeping the chamber’s temperature from –50°C up 
to 220°C by flowing thermostatized N2 to the sample. A holder containing multiple thermometer 
probes is placed inside the chamber for a better mapping of the temperature. All measurements were 
performed in nitrogen environment. The temperature control was regulated by software created by 
the MecWins Company. 
Monocrystalline Si microcantilever chips containing arrays of eight cantilevers (Micromotive 
GmbH) were used for the measurements. Specifically, the nominal length, width, and thickness of 
the cantilevers were 500, 90±2 and 1 μm, respectively. Resonance frequency measurements were 
conducted in a nitrogen atmosphere at 25°C. The experimental setup is based on the shift induced in 
the resonance frequency by the added mass onto the cantilever through functionalization. The used 
platform consists in the automated two-dimensional scanning with a single laser (1 mW) beam by 
voice-coil actuators perpendicularly located.  
The cantilever array is illuminated by the laser beam and a two-dimensional linear position detector 
(PSD) is arranged to collect the reflected beams. Location and characterization of cantilever sensors 
is carried out using TRACKER, an algorithm based on the recognition of reflected intensity 
patterns. This capability of SCALA allows the user to characterize a single sensor or an array of 
them in a fully automated process. A change in the local slope at the cantilever surface results into a 
displacement of the reflected laser spot on the PSD, which is denoted S. S is used to obtain the 
cantilever profile along its longitudinal axis, z(x), by integrating: 












xz    (1) 
where D is the distance between the cantilever and the PSD and β is the angle between the incident 
laser beam and the cantilever normal at its rest position. Coated cantilevers can be used as precise 
thermometers by exploiting the bimaterial effect, which refers to the measurable bending (i.e. 
differential stress) produced by temperature changes in substrates coated on one side by another 
material. Similarly, coated microcantilevers undergo a deflection as a result of temperature changes 
due to the thermal expansion coefficient difference between the coating material of the cantilever 
and the cantilever itself.  
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2.3. Results and discussion 
The response of Omp2a to thermal stress has been compared with those of BSA and LYS. LYS 
exhibits an ellipsoidal shape in which both ordered (30% -helix, 27% turn and 13% -sheet 
secondary structures) and unordered (30%) regions coexist [27], while BSA structure is 
predominantly -helical with the remaining polypeptide occurring in turns and loops (i.e. no -sheet 
content) [28]. Omp2a has a cylindrical shape composed of β-strands separated by long unfolded 
loops [29]. Although the secondary structure of bacterial β-barrels is known to be sensitive to the 
polarity of the environment, they exhibit an increased thermal stability that has been typically 
attributed not only to the abundant -strands barrel but also to their oligomeric architectures [30–
33]. However, complete understanding of the thermal response of their supramolecular oligomeric 
architectures in synthetic environments, which is essential for the utilization of β-barrels in the 
fabrication of bioinspired nanodevices, is an unresolved question [34]. Before nanomechanical 
measurements, the effects of the heat shift on the secondary structure and aggregation tendency of 
the three proteins have been examined. 
Secondary structure and diameter 
Temperature-induced protein denaturation is frequently detected using FTIR spectroscopy and 
Circular Dichroism in various wavelength regimes. The vibrational spectrum in FTIR is selective in 
the absorption band frequency position, widths, and intensities in response to protein structural 
changes [35]. Specifically, the amide I band (1700 – 1600 cm
-1
), which convolutes the major 
structural domain elements of proteins, including -helix, -sheet, turn and random coil 
(unstructured), has been used to visualize the response of BSA, LYS and Omp2a to heating. 
Circular Dichroism monitors the secondary structure of proteins. In CD, folded proteins have typical 
spectra for each secondary structure: the -helix recognized by minima at 220 and 210 nm, while 
the -sheet has a minimum at 218 nm and a maximum at 195 nm [36]. These two structural motifs 
are detected in the spectra recorded for LYS and Omp2a at room temperature, whereas the spectrum 
of BSA mainly involves the helical motif. 
CD (Figure 2.1) and FTIR (Figure 2.2) spectra were  recorded in heating runs from 5ºC to 90ºC and 
reflect an increment of the disordered motifs at temperatures higher than 55ºC for both BSA and 
LYS. Meanwhile, the content of ordered secondary structures, especially -helix, decreases. The 
unfolding temperature estimated from CD results is 67ºC and 65ºC for BSA and LYS, respectively. 
These results are fully consistent with those early reported in previous studies in aqueous solution 
[37-38]. Specifically, the studies concluded that the proteins lose a small part of helical structures in 
the -domain below 64ºC, undergoing irreversible (unless cooling start before reaching 75ºC) 
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thermal unfolding of the secondary structures at a temperature close to 75°C. On the other hand, 
Omp2a only exhibits slight variations in its secondary structures, the amount of unstructured content 
remaining practically constant from 5°C to 90ºC. Moreover, the thermal behavior of the three 
proteins is reversible, as is evidenced from the analyses of the CD spectra recorded in cooling runs 
(Figure 2.3).  
 
Figure 2.1: CD spectra recorded for BSA, LYS and Omp2a proteins at temperatures ranging from 5°C to 90°C 
(heating runs). Measurements for BSA and LYS were performed using a carbonate buffer, whereas a dodecyl 
sulfate (SDS) – 2-methyl-2,4-pentanediol (MPD) buffer was used for Omp2a. 




Figure 2.2: FTIR spectra in the region of amide I of (A) BSA, (B) LYS and (C) Omp2a at 30 ºC and 100 ºC 
(left and right, respectively). The deconvolution of the amide I absorption band is displayed in all cases. 




Figure 2.3: Secondary structure content of BSA, LYS and Omp2a obtained by deconvolution of the CD 
spectra for heating and cooling runs. 
The FTIR and CD results of Omp2a prove that the efficient inter-strand hydrogen bond network 
preserves the protein secondary structure from thermal unfolding even outside the natural lipid 
environments. The heat-induced evolution of secondary structures in Omp2a has also been 
compared with conventional soluble proteins. The structural signatures of BSA and LYS 
significantly change beyond 55ºC, evidencing the loss of secondary structure [39], while the CD 
spectrum of Omp2a remains practically unaltered until 90°C. At high temperature both BSA and 
LYS underwent a drastic unfolding, as is reflected by the apparition of an intense deconvoluted 
peak at 1640 cm
-1
 in FTIR that has been associated to the unstructured protein. In contrast, the 
resemblance between all spectra recorded for Omp2a suggests that the -barrel structure is 
preserved even at high temperatures. 
The influence of the temperature in the shape and aggregation of the proteins was also assessed by 
Dynamic Light Scattering (DLS). Profiles displaying the variation of the particle effective diameter 
(Deff) with the temperature are included in Figure 2.4 (both heating and cooling runs). Bimodal 
distributions were found for BSA at all examined temperatures and, therefore, two Deff profiles are 
displayed in Figure 2.4. In the first mode, which corresponds to individual BSA molecules, Deff 
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grows from 8.1  1.4 nm at 20°C to 10.7  1.4 nm at 60°C, evidencing that the unfolding process is 
accompanied by an increment of the molecular dimension. The lowest value, 8.1  1.4 nm at 20°C, 
which is consistent with the dimensions of the prolate ellipsoid shape proposed for the protein 
monomer [40], increases by 30% with the temperature, due to the unfolding. The Deff values of the 
second mode are approximately three times higher than the first one, indicating that BSA potentially 
forms trimers. In this case, Deff increases from 23  4 nm at 20°C to 46  2 nm at 60°C. However, 
the highest value at 20°C, 23  4 nm, grows more than twice when the temperature reaches 60°C. In 
this case, small aggregates (dimers or trimers) not only experience unfolding processes but also 
incorporate more protein molecules. Accordingly, it is concluded that BSA self-association is 
promoted by the temperature when already formed aggregates act as nuclei. 
 
Figure 2.4: Effective diameter measured by DLS at temperatures ranging from 20ºC to 60ºC (heating and 
cooling runs are displayed) for BSA, LYS and Omp2a.  
In contrast, LYS presents unimodal distributions, independently of the temperature, with similar Deff 
values (i.e. 4.3  0.2 nm and 4.3  0.5 nm at 20 and 60°C, respectively). Although these results 
suggest that LYS volume is not affected by the unfolding, what actually occurs is that unfolding is 
accompanied by a reduction of the protein hydration. The latter was proved in early X-ray scattering 
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studies at 20°C and 80°C [37], which showed that the electron density of water in LYS crystals 
decreases with the crystallization temperature and, consequently, the radius of gyration remained 
practically invariant. Thus, it is hypothesized that changes in protein hydration offset the thermally 
induced protein motion. Similar observations have been found for other proteins [41], negative 
volume changes being detected in some cases [42]. The Deff of LYS, which remains at 4.3  0.2 nm 
for both 20 and 60°C, corresponds to the monomer diameter [40-43]. Thus, the contribution of 
aggregates, which are difficult to avoid completely even with dilute samples, was null in the case of 
LYS. These features combined with CD and FTIR data indicate that the unfolding is the only 
thermally-induced transition for LYS. 
Omp2a also presents a unimodal distribution, even though Deff increases from 6.1  0.2 nm at 20°C 
to 12.6  2.4 nm at 60°C. The former value has been associated to the trimeric state while the latter 
corresponds to bigger aggregates [1]. During the cooling run, Deff decreases from 21.6  5.1 nm at 
60°C to 6.9  0.4 nm at 20°C. The thermal stability observed for Omp2a combined with the 
significant Deff variation indicates that the reversible aggregation of this β-barrel is notably affected 
by the temperature. DLS data reflect that Omp2a self-associates into the typical trimeric state found 
in the outer membranes of bacteria in the detergent buffer at room temperature. Thus, the Deff 
measured by transmission electron microscopy (TEM) for Omp2a trimers in dried samples was 
recently found to be 9.3  3.0 nm [1], which is consistent with the DLS value at 20°C 
aforementioned. However, the formation of bigger aggregates is detected by DLS when the 
temperature increases above 50°C, even though they are significantly smaller (Deff = 12.6  2.4 nm) 
than those also observed in dried samples at room temperature (Deff = 25.9  4.8 nm) by TEM. Thus, 
the van der Waals interactions between the side groups at the external side of the -barrel are 
promoted through both drying and heating. This feature points out the importance of improving the 
understanding of Omp2a self-association processes in non-native environments, as for example 
those used to fabricate bioinspired nanomaterials for ion transport.  Overall, FTIR, CD and DLS 
results probe that LYS and BSA are suitable controls for the present microcantileveler deflection 
studies due to their different behavior not only with respect to Omp2a but also among them.  
Time resolved WAXD data on heating and cooling of lyophilized Omp2a  
Real time WAXD experiments were performed using synchrotron radiation to examine the 
evolution of the -strand structures in dried Omp2a during heating and cooling processes. Analyses 
were performed considering both Omp2a and blank samples, which were obtained by freeze drying 
the detergent buffer solution in presence and absence of protein, respectively. The one dimensional 
WAXD profile acquired for Omp2a at room temperature exhibits a sharp and intense peak at q = 





 (Figure 2.5), which corresponds to an inter-strand spacing of d = 4.02 Å [44-45]. This 
peak is absent in the spectra recorded for blank samples, the broad peak centered at q = 15.40 nm
-1
 
being attributed to the salts from the buffer (Figure 2.5). The presence and absence of the reflection 
associated to the -strands in the Omp2a and blank samples, respectively, is clarified in the 
representative diffraction patterns showed in Figure 2.5d. 
 
Figure 2.5: (A) 1D scattering patterns of blank (salts from the buffer solution) and Omp2a samples as dry 
powder at room temperature. (B) 2D scattering patters of the blank and Omp2a dried samples at room 
temperature. (C) 1D scattering pattern of Omp2a when a temperature ramp (heating) is applied. (D) Intensity of 
the peak profile for the blank and the Omp2a samples at q= 15.6 nm-1 during the temperature ramp. 
Figure 2.5c displays a three-dimensional representation of the freeze dried Omp2a WAXD profiles 
in the -strand region (q = 15-16 nm
-1
) obtained by heating at a rate of 5°C/min from 25°C to 
110°C. Figure 2.5d represents the variation in intensity of the peak at q = 15.6 nm
-1
 that occurs 
when heating both for Omp2a and blank samples. The variation with temperature of this narrow and 
intense peak has been used to monitor the effect of the different thermally-induced structural 
processes in inter-strand interactions. First, the intensity has a small increment at 50-55°C, which 
has been attributed to the reinforcement of neighboring intermolecular connections. According to 
DLS observations, which evidenced the transition from the trimeric form to bigger aggregates, this 
result has been interpreted as the formation of new hydrogen bonds between neighboring protein 
molecules. This hypothesis is also supported by the Omp2a trimer computational model [29]. After 
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this, from 55°C to 75°C the intensity decreases slowly and, suddenly, grows again at 80°C. 
These changes suggest the restructuration of the newly formed aggregates during the heating 
process. Finally, the peak progressively broadened and becomes less intense at higher temperatures, 
evidencing that temperature has some effects in the local stability of the -strands. In spite of this, 
the peak maintains 47% of its initial intensity at 100°C, which is consistent with the overall stability 
of the -barrel structure observed by FTIR.  
WAXD experiments indicate that temperature affects the -sheet structure of Omp2a. This effect is 
focused in intermolecular interactions at temperatures lower than 80°C and in both inter- and 
intramolecular interactions at higher temperatures. However, the amount of -strands preserved at 
110°C is still high enough to preserve the -barrel structure, which supports FTIR and CD results. 
Thus, WAXD results corroborate the conversion of trimers into bigger aggregates at 50-55°C, 
which after equilibration through local reorganizations remain relatively stable until 80°C. At 
higher temperatures, inter- and, probably, intramolecular -strands, are affected by the thermal 
stress, these interactions being roughly halved. This interpretation is consistent with the well-known 
high thermal stability of bacterial porins, which exhibit temperature induced unfolding above 100°C 
[30]. This unusual stability is consequence of their -barrel structural architecture composed of 
antiparallel -sheets, in which strands are connected by short turns on one side and long loops on 
the other. Thus, the energy required to breakdown the secondary and quaternary structure of 
bacterial porins is significantly higher than that necessary to unfold BSA and LYS. Also, yet porin 
aggregates are stable, a variety of transitions associated to changes in their size (i.e. to dimers, 
trimers or bigger aggregates) has been detected at temperatures significantly lower than their 
unfolding temperatures but comparable to the typical unfolding temperatures of conventional 
proteins [46–48], which is in agreement with the opposite behaviours of Omp2a and BSA.
 
Protein immobilization onto the surface of silicon microcantilevers 
The microcantilever-based biosensing technology has been applied in this work to monitor the 
response of porins in synthetic environments against the temperature change. Analysis of the results 
has been carried out by comparing their thermal behavior with the proteins BSA and LYS. Among 
other features, this nanomechanical platform is characterized by the high sensitivity, label-free 
detection, and small sample consumption due to the size of the microcantilevers (ca. 1000 m
2
) 
[49]. For successful characterization, the first step is the functionalization of silicon 
microcantilevers to achieve a stable and irreversible protein–surface binding.  
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In this work, a recently developed procedure to covalently bind peptides to silicon has been 
extrapolated and adapted to BSA, LYS and Omp2a proteins (Figure 2.6) [50]. This four-step 
protocol can be summarized as follows: 1) the microcantilever surface, previously hydroxylated 





-bis(carboxymethyl)-L-lysine hydrate (NTA-NH2) at basic pH; 3) the carboxylated 
surface derived from 2) is activated with a mixture of 1-[(3-dimethylamino)propyl]-3-
ethylcarbodiimide methiodide (EDC) and N-hydroxysuccinimide (NHS); and 4) proteins are 
immobilized by incubating the activated surface in the corresponding protein solution. Before 
conducting any measurement, proteins not covalently bonded to the substrate were desorbed by 
washing with a phosphate buffer solution. Since the three proteins investigated contain a relatively 
large number of amine groups, corresponding to multiple lysine residues, in addition to the N-
terminal amine, the study of protein-overhang interactions is limited by this immobilization 
procedure. 
 
Figure 2.6: Protein functionalization protocol for silicon substrates. 
Comparison of the characteristic XPS spectra in the N 1s, C 1s and O 1s regions of hydroxylated 
(non-functionalized) silicon and protein-functionalized substrates (Figure 2.7) chemically proves the 
success of the immobilization protocol. The presence of a peak in the C 1s region of the non-
functionalized silicon spectrum has been attributed to the presence of organic contaminants from the 
environment. Whilst the latter makes more difficult the corroboration of the protein incorporation, 
the carbon content is significantly higher when silicon was functionalized with BSA, LYS and 
Omp2a (Table 2.1), showing a 4.5, 3.0 and 3.2 fold increase, respectively. Moreover, the apparition 
2. Thermomechanical response of Omp2a 
37 
 
of the N 1s peak, which was not detected for non-functionalized substrates, is an unequivocal 
chemical evidence of the proteins immobilization (Table 2.1).  
 
Figure 2.7: N 1s, C 1s and O 1s high-resolution XPS spectra for non-functionalized (hydroxylated; Si-OH) and 
protein functionalized (LYS, BSA or Omp2a) silicon substrates. Peaks from deconvolution are also displayed. 
 
Table 2.1: Atomic percent composition (O 1s, C 1s, Si 2p and N 1s) obtained by XPS for non-functionalized 
(hydroxylated) and protein functionalized (i.e. with BSA, LYS or Omp2a covalently immobilized at the 
surface) silicon substrates. 
 O 1s C 1s Si 2p N 1s 
Hydroxylated silicon 47.7 13.4 38.9 - 
BSA-silicon 22.5 60.0 10.8 6.7 
LYS-silicon 31.6 40.2 26.7 1.5 
Omp2a-silicon 30.6 43.4 20.7 5.3 
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Changes in surface properties, as for example the wettability (Figure 2.8) provide indirect evidence 
of the binding between the substrate and the protein. Thus, contact angle () measurements using 
deionized water showed that the hydrophilic character of silicon ( = 30º  5º) decreased 
considerably upon the incorporation of protein ( = 70º  3º, 47º  2 and 49º  6º for BSA, LYS and 
Omp2a, respectively).  
 
Figure 2.8: Average contact angle of non-functionalized and functionalized silicon substrates. 
Similarly, 3D topographic AFM images reveal significant differences between the bare silicon 
substrate and the functionalized ones, which affect the root-mean-square roughness (Figure 2.9). 
Moreover, topographic images of protein functionalized surfaces, once biomacromolecules non-
covalently bonded to the surface were eliminated, evidence heights and widths of 2-4 nm and 40-
100 nm, respectively, demonstrating the immobilization of aggregates. As expected, the latter 
aggregates are much smaller and less abundant for LYS than for BSA and Omp2a, the former 
showing the flatter profile (root-mean-square roughness of non-functionalized, LYS-, BSA- and 
Omp2a-functionalized substrates is 4.9  2.1, 6.1  2.6, 10.5  5.9 and 10.7  3.0 Å, respectively). 
Inspection of the cross sectional profiles (Figure 2.10) are consistent with the immobilization not 
only of individual protein molecules but also of aggregates, diameter sizes ranging from 40 to 98 
nm.  




Figure 2.9: Topographic AFM images of non-functionalized and functionalized substrates (500  500 nm2). 
 
 
Figure 2.10: Representative cross sectional profiles for AFM images. 
Proteins have been covalently linked via an epoxysilane-based protocol to silicon microcantilevers 
that had been efficiently activated by a hydroxylation treatment with a H2O2:H2SO4 mixture. The 
results derived from the different chemical and physical characterization techniques performed at 
each functionalized substrate have confirmed directly and indirectly, the suitability of the protocol 
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Thermomechanical response of protein functionalized microcantilevers 
Protein-functionalized silicon chips with arrays of eight cantilevers (i.e. using such number of 
sensors in parallel) were operated in dynamic mode (Figure 2.11). Piezoelectric excitation (i.e. an 
actuator is positioned below the chip base) and their first vibration mode were monitored by a 
scanning laser. After cleaning with isopropanol and hydroxylation with a H2O2:H2SO4 (3:1 v/v) 
mixture, hydroxylated chips (100 m wide, 500 m long and 1 m thick) displayed a resonance 
frequency of 5206  162 Hz measured in a N2 atmosphere at 25°C. 
 
Figure 2.11: (A) Silicon chips with arrays of eight cantilevers used for nanomechanical measurements 
(Micromotive GmbH). (B) Scheme displaying the experimental setup used to evaluate the thermal response of 
LYS, BSA and Omp2a proteins. 
Figure 2.12 shows the resonance frequency shift of at least 16 LYS-, BSA- and Omp2a-
functionalized cantilevers. As it can be seen, the frequency shift value is significantly higher for 
Omp2a than for BSA and LYS. Provided the molecular weight of Omp2a is smaller than of BSA 
(i.e. 39 kDa vs 66.5 kDa), the formation of relatively big supramolecular aggregates is clearly 
evidenced. This feature is corroborated by comparing nanomechanical first mode resonances of 
hydroxylated and functionalized cantilevers (Figure 2.12), which provides a shift of 92, 182 and 313 
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Hz for LYS, BSA and Omp2a, respectively. On the other hand, the standard error of the mean 
calculated for Omp2a is significantly higher than for LYS and BSA. This has been attributed to the 
variability in the size of the Omp2a supramolecular aggregates, which induces fluctuations in the 
measured frequency shift values. However, it should be remarked that differences among LYS, 
BSA and Omp2a are large enough to be independent of such uncertainty.  
 
Figure 2.12: Nanomechanical resonance response of a silicon cantilever functionalized with LYS, BSA and 
Omp2a. The shift with respect to the hydroxylated (non-functionalized) cantilever used as reference is 
displayed. Resonance frequency shift (f/f), of functionalized cantilevers (mean values and standard error of 
the mean calculated with the data of at least 16 different cantilevers). 
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The resonance frequency of non-modified cantilevers (), which depends on their spring rigidity (k) 
and effective mass (M), is obtained by the elasticity theory as: 






  (1) 
The constant k is obtained using the cantilever Young modulus (E) and dimensions, length (L), 
width (W) and thickness (T) [51]:
 
        
   
   
  (2) 
Upon protein-functionalization, the resonance frequency changes from  to : 





   
         (3) 
where  is the resonance frequency contribution due to the tethering of the protein, m is the total 
mass of the protein, and   is a function that depends on k and the surface stress () induced by 
protein···silicon surface interactions [52]. Particularly, the difference in frequency shift (Δ/ x 
10
3
) for LYS, BSA and Omp2a was 13.2 ± 4.1, 20.2 ± 1.4 and 43.6 ± 15.6, respectively. These 
resonance frequency shifts suggest that protein···surface interactions predominate over m since the 
shift is two times higher for Omp2a than for BSA, whereas the molecular weight is 1.7 times higher 
for the latter than for the former. Accordingly, protein···surface interactions can be considered as a 
nanomechanical signature sensitive not only to the existence of protein aggregation phenomena but 
also to the distribution of the molecules in such aggregates. 
The thermal response of proteins have been analyzed by plotting the displacement (S) of the 
reflected laser spot on the position sensitive detector (PSD), which originates from the variation of 
the local slope at the cantilever surface with the temperature and depends on the distance (D) 
between the cantilever and the PSD (Figure 2.11). It is worth noting that the variation of S with the 
temperature is analogous to the thermally induced cantilever deflection (z). As it was expected, the 
displacement of non-functionalized cantilevers increases slowly and progressively with the 
temperature (Figure 2.13), as the deflection of rectangular bare cantilevers of length L grows 
linearly with the change of temperature (T), that is z  L
2
T [53].  




Figure 2.13: Relative displacement as a function of the temperature of a representative hydroxylated (non-
functionalized) cantilever. 
The average displacement curve obtained for LYS (Figure 2.14), which was obtained using 16 
different microcantilever sensors, reflects a behaviour very different from that obtained for non-
functionalized cantilevers. The slope of the displacement curve in the region comprised from room 
temperature to 50°C is related to the deflection produced by the different thermal response of the 
two materials contained in the system (i.e. the silicon support and the attached proteins). More 
specifically, protein-functionalized cantilevers undergo a differential stress due to the thermal 
expansion coefficient difference between the protein and the microcantilever itself, giving rise to the 
cantilever deflection. After this, at 50°C the protein starts to unfold, causing a redistribution of the 
mass and reducing the contact between the protein and the substrate. This situation enhances the 
cantilever deflection, as it is reflected by the sustained increasing displacement of the profile.  
 
Figure 2.14: Thermomechanical response of cantivelevers functionalized with LYS  proteins. Left: mean 
relative displacement as a function of the temperature and the corresponding standard error of the mean (thick 
light-grey lines), both calculated with the data of at least 7 different cantilevers. Right: cartoons representation 
of the folded  unfolded transitions. 
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Thus, the melting temperature of LYS, as determined thermomechanically, is approximately 60°C, 
which is consistent with the CD data. At 70°C the slope of the displacement curve changes and the 
curve is similar to that observed for the hydroxylated silicon cantilevers (Figure 2.13). Thus, once 
LYS completes the conversion towards the unfolding state, the changes induced by the thermal 
dynamics of the random coil are not appearing in the deflection. At this stage the effects associated 
to the mass redistribution and the variation of the protein···surface interactions are negligible in 
average. Overall, the profile displayed for LYS should be considered as the fingerprint to recognize 
the thermomechanical response of conventional proteins, in which the folded  unfolded is the 
only occurring thermal transition.  
Figure 2.15 displays the average displacement curve achieved for BSA. From a qualitative point of 
view, the behaviour of the curve is similar to that described above for LYS until 100°C, even 
though the cantilever deflection is smaller for BSA. This has been attributed to the higher molecular 
weight of BSA and its tendency to aggregate, both reducing the differences in the stress distribution 
and the stress gradient between the protein and the substrate. Consequently, the impact of the 
bimetallic effects in the bending of the cantilever is relatively small before the protein denaturation 
at 60°C. Moreover, the effect of the redistribution of the mass during the unfolding process is also 
smaller than for LYS. As the effect of the unfolding on the cantilever displacement is expected to be 
directly proportional to the amount of protein molecules, these results suggest that such amount is 
lower for cantilevers functionalized with BSA than with LYS. Although this could be in apparent 
contradiction with the nanomechanical first mode resonance shift, which is 90 Hz lower for the 
latter (Figure 2.12), it is worth noting that the molecular weight of BSA is four times higher than 
that of LYS.  
 
Figure 2.15: Thermomechanical response of cantivelevers functionalized with BSA  proteins. Left: mean 
relative displacement as a function of the temperature and the corresponding standard error of the mean (thick 
light-grey lines), both calculated with the data of at least 7 different cantilevers. Right: cartoons representation 
of the folded  unfolded transitions. 
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In spite of this, the dynamics of the random coil causes a change in the cantilevers deflection. Thus, 
deflection downwards or upwards of the cantilever is mainly defined by the response of the protein 
within the studied temperature range and, as mentioned above, the deflection was relatively low 
before the unfolding. After this, the upward profile experiences an abrupt change at 110°C, which 
is not detected for LYS. Although this sudden drop in the displacement could be hypothesized as a 
disaggregation of the proteins, a simple thermogravimetric analysis evidenced that it corresponds to 
the evaporation of water molecules that were strongly interacting with the protein. Accordingly, in 
addition to the molecular unfolding, thermomechanical characterization of BSA reveals sharp 
dehydration process that, suddenly, produces a change of the deflection.  
The displacement profile recorded for Omp2a (Figure 2.16) exhibits unusual complexity. Although 
bimetallic effect initially affects the cantilever deflection, as in LYS and BSA, four regions can be 
distinguished above 40°C for Omp2a. In the first one, which extends from 40°C to 60°C, the 
variation of the displacement is practically null, suggesting that the redistribution of the molecular 
masses and the changes in the protein···substrate interactions are minimum (region I). This region 
has been associated with the alteration of intermolecular interactions before the transition from 
trimers to bigger aggregates, which is also consistent with WAXD observations. While initially they 
seem to become more intense, the step prior to the conversion into bigger aggregate is characterized 
by a weakening of interactions among neighbouring Omp2a molecules in trimers. This phase 
transition is evidenced by the increasing displacement (region II), which occurs in a relatively wide 
interval of temperatures (i.e. between 60°C and 77°C). After this (region III), the displacement 
undergoes small fluctuations, the average deflection increment along the whole region being very 
small. These fluctuations have been associated with local re-organizations in the newly formed 
aggregates. Above 105°C, the displacement drops sharply (region IV), suggesting that at such high 
temperatures the thermal stability of the -barrel is finally lost. Therefore, the downward deflection 
of the cantilevers is a consequence of the folded  unfolded transition that alters both the mass 
distribution and the Omp2a···substrate interactions. These observations are fully consistent with the 
WAXD results. 




Figure 2.16: Thermomechanical response of cantivelevers functionalized with Omp2a  proteins. Left: mean 
relative displacement as a function of the temperature and the corresponding standard error of the mean (thick 
light-grey lines), both calculated with the data of at least 7 different cantilevers. Right: cartoons representation 
of the trimer  large aggregate and -barrel  unfolded transitions. 
In addition to the mass redistribution onto the cantilever surface, which causes changes in the 
resonance frequency, and to the bimetallic effect, the main mechanical effect in microcantilevers is 
the surfaces stress () that induces a nanoscale bending [2]. This effect, which occurs if only one of 
both cantilever sides are coated or, as in this work, functionalized, is quantified using the Stoney’s 
equation [54]:
 









    (4) 
where L is the microcantilever effective length (450 m), T is the microcantilever thickness (1 m), 
E is the Young modulus of silicon (150 GPa),  is the Poisson ratio of silicon (0.17) and z is the 
deflection of the cantilever. The surface stress is frequently associated to intermolecular interactions 
between molecules anchored onto the cantilever surface, such as van der Waals forces, hydrogen 
bonds, electrostatic interactions, steric repulsions, etc. Ideally, protein-functionalized cantilevers 
should not exhibit any static surface stress if the functionalization was identical for both sides. 
However, in practice, the experimental set-ups used during the functionalization process do not 
result in two identical cantilever sides. As a consequence, the surface stress is not negligible for 
protein-functionalized cantivelers. At 120°C,  = 0.46  0.12, 0.31  0.05 and 0.30  0.15 mN/m 
for LYS, BSA and Omp2a, respectively (Figure 2.17). This is significantly higher than the value for 
hydroxylated non-functionalized cantilevers (e.g. at 120°C, = 0.08  0.012 mN/m). Moreover, the 
surface stress experiences a significant increment when the temperature is higher than 50°C for all 
functionalized cantivelers (Figure 2.17).  




Figure 2.17: Variation of the surface stress for hydroxylated (control) and protein-functionalized cantilevers 
against the temperature. 
Analyses of the displacement curves obtained for protein-functionalized cantilevers allowed 
distinguishing folded  unfolded conformational transitions from phase changes related with 
protein aggregates. Thus, the thermally-induced increment in the deflection of protein-
functionalized cantilevers is not constant, as occurs for non-functionalized cantilevers. Proteins are 
much more sensitive than silicon to the temperature and, therefore, the general evolution of the 
displacement observed at relatively low temperatures (< 50°C) is mainly due to the differences in 
both stress distribution and stress gradient between the protein and the silicon substrate (i.e. the 
bimetallic effect). In such conditions, the bending of protein-functionalized cantilevers depends on 
the molecular weight and the presence of aggregates.  
Conventional proteins exhibit an abrupt change in the evolution of the curve, which is ascribed to 
their unfolding process. This folded  unfolded transition occurs at temperatures close to 50°C 
and 60°C for LYS and BSA, respectively, which are lower than those observed in water (60-
70°C). Consequently, in solution the folded structure of these soluble proteins is stabilized by 
intermolecular hydrogen bonds with surrounding water molecules, which are loss upon removal of 
the solvent. This instability induces a lower unfolding temperature.  
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Once the denatured protein reaches a stable random coil, the dynamics of this state should not affect 
the thermomechanical response of the cantilever. This is true for LYS- and BSA-functionalized 
substrates, which show a behavior similar to that of non-functionalized cantilevers when the 
temperature exceeds 55 and 60°C, respectively. However, BSA-functionalized cantilevers 
display another transition at 110°C that has been ascribed to the evaporation of water molecules 
strongly interacting with protein molecules.  
The thermomechanical response of Omp2a is more complex than those of LYS and BSA because of 
both its intrinsic thermal stability and the tendency to form not only trimers but also larger 
aggregates. The thermal behavior of this porin is characterized by local re-organizations, which 
affect the strength of intermolecular interactions among neighbouring Omp2a molecules, inducing 
the transition from trimers to larger aggregates. The formation of such larger aggregates is 
consistent not only with DLS results but also with previous TEM investigations [1]. The latter phase 
transition is poorly defined, as reflects the continuous increase of the displacement in the 
temperature interval comprised between 60°C and 77°C. This feature should be attributed to the 
fact that the size and shape of the aggregates formed at such temperatures are constrained by the 
functionalization of the cantilever, which defines the tethering position of the protein molecules and 
gives variability to the transition. Such heterogeneity explains the undefined character of the 
transition that, in spite of the monodisperse and precise chemical nature of Omp2a molecules, 
occurs within a wide interval of temperatures rather than at a precise temperature. On the other 
hand, the thermal unfolding of Omp2a is detected at 105°C, this temperature representing the 
upper threshold in relation to the manipulation of stable protein aggregates. 
  




In summary, thermomechanical measurements at the microscopic level on functionalized cantilevers 
have provided molecular insights that complement the information obtained from conventional 
characterization techniques on ensembles formed by a very large number of molecules. A serious 
limitation of conventional techniques is that they provide only a sample average response and are 
unable to give information on specific local features on or within the sample. Within this context, 
the unique thermomechanical response of Omp2a-functionalized cantilevers, which exhibits four 
well-defined regimes above 40°C, suggests practical approaches to improve the efficacy of smart 
biomimetic NMs with porins immobilized onto the surface or confined inside synthetic pores. 
Specifically, although the effectiveness of NMs is regulated by the amount of porin molecules 
active for the ion transport, controlling their orientation once immobilized onto the surface or inside 
nanopores is a challenge that has not been achieved yet. However, the identification of temperature 
intervals in which protein molecules experience local structural re-arrangements with an 
enhancement of intermolecular interactions, suggests that soft post-thermal treatments could be very 
advantageous to improve the efficacy of the NMs. Thus, this could be achieved by heating the 
proteins from their initial assembly state to denaturalization and, subsequently, cooling under 
controlled conditions to maximize favorable interactions. The amount of protein molecules 
contributing to the selective ion transport substrate could be substantially increased by enhancing 
the intermolecular interactions. 
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3. Effect of nanofeatures on the thermal transitions of PLA films 
Summary 
The influence of structural nanofeatures in the glass transition and cold crystallization temperatures 
(Tg and Tcc) of poly(lactic acid) (PLA) ultra-thin films has been investigated using a technology that 
detects the microcantilever deflection as a function of the temperature. Measurements have been 
conducted on arrays of 8-cantilevers spin-coated with PLA films with thickness of 150 nm and 
weight of 6-9 ng. The deflection profiles recorded for compact, nanopored and nanoperforated PLA 
films of 120-1250 nm in thickness indicate that both nanopores and nanoperforations cause an 
increment of 7-12 ºC in the Tg while only the latter affect the Tcc, which increases by 8 ºC. These 
phenomena have been attributed to the stress of the PLA molecules located at the interface of the 
pores and perforations and to the film-air interface effect, which is associated to the 2D nature of 
ultra-thin films. On the other hand, the thermomechanical response of PLA ultra-thin films loaded 
with curcumin (CUR) or stiripentol (STP), which form segregated nanodomains, also differs from 
that of unloaded PLA films. The size and abundance of CUR and STP nanodomains are directly 
related with the stress of the PLA chains at the interface and with the free volume, which affect the 
strength of the interactions and the mobility of polymer molecules (i.e. the Tg and the Tcc) with 
respect to neat PLA. Overall, results indicate that the thermal response of compact and 
homogeneous PLA ultra-thin films is close to that obtained for the bulk polymer, whereas the 
incorporation of nanofeatures (i.e. nanopores, nanoperforations and the segregated drug 
nanodomains) cause significant alterations in the properties of the polymeric nanosheets.  
 
  




In the last decades the use of nano- and micro-electromechanical systems (NEMs and MEMs, 
respectively) has become frequent for characterizing the properties of biological and synthetic 
macromolecules (i.e. proteins, DNA and polymers) at small scale. For example, these technologies 
have been used to study the response of such systems to pH changes [1-2], wetting and moisture 
uptake [3-4], swelling and de-swelling [5], the interfacial tension [6], the molecular folding [7-8],
 
and the hydration of self-assembled monolayers [9]. The main advantages of NEMs and MEMs are 
high sensitivity and very small sample mass (from nano to attograms). Therefore, these technologies 
are able to capture the effects of air-sample or liquid-sample interfaces as well as nanofeatures in 
the sample. 
The study of thermal transition temperatures of synthetic polymers using NEMs and MEMs is a 
topic of great interest. For example, Jeon and co-workers examined the glass transition temperature 
(Tg) of polystyrene, poly(vinyl acetate) and block copolymers using NEMs, which were coated with 
a polymer solution using inkjet printing [10–12]. The heat induced deflection of the NEMs, which 
was due to changes in volume and in elastic properties of the polymers, was used to determine the 
Tg. Similarly, different authors studied thermal transitions in ultra-small amounts of semicrystalline 





semicrystalline poly(propylene azelate) [15]. More recently, MEMs has been used to study the Tg, 
the amorphous  and  relaxations, and the liquid crystalline transitions of polymers [16], as well as 
the apparent denaturation temperature (Tad) and other thermal transitions of different proteins [8]. 
In recent studies, we developed PLA free-standing nanomembranes (FSNMs) with nanopores 
crossing the entire ultra-thin film thickness as a solid support for different biomedical applications. 
Nanopores were obtained using spin-coating combined with phase segregation processes in 
immiscible PLA : poly(vinyl alcohol) (PVA) mixtures, and subsequent removal of PVA domains 
via selective solvent etching [17]. These PLA FSNMs were proposed as bioactive platforms for 
tissue engineering applications and as efficient biomimetic devices for selective ion transport in 
biosensing and biofiltration [18].
 
Thus, the diameter of nanoperforations obtained using 90:10 
PLA:PVA mixtures was found to fit very well to the diameter of protruding finger-like cell 
filopodia, which play an important role in cell migration processes, promoting cell spreading and 
colonization [17].
 
Besides, the immobilization of Omp2a -barrel membrane proteins inside 





 through Omp2a-filled nanopores being significantly higher than for K
+ 
[18]. 
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On the other hand, 2D (films and membranes) and 3D (fibres and particles) PLA scaffolds are 
frequently loaded with drugs for subsequent controlled delivery [19–24]. The efficiency of the 
regulation mechanism and kinetics of the release usually depend on the distribution and 
organization of the drug into the polymeric scaffold. Thus, crucial parameters to regulate the release 
are the affinity between the drug and PLA matrix, which essentially depends on the polarity of the 
drug, its ability to form polymer···drug specific interactions and the tendency of the drug to 
organize into nanoaggregates forming nanophases separated from the polymeric matrix. 
This work reports on the thermal analysis of different PLA samples using a cantilever deflection 
technology to examine the influence of nanofeatures on the response of the material. More 
specifically, the thermal response of nanopored, nanoperforated and drug-loaded PLA ultra-thin 
films has been investigated using a technique named SCALA (SCAnning Laser Analyzer) [25-26], 
which is based on the optical read-out of microcantilevers. Our results show that both structural 
features in the nanometer-length scale and drug···polymer specific interactions cause important 
changes in the thermal properties of PLA ultra-thin films, which cannot be observed using 
conventional calorimetric techniques. Moreover, deflection profiles provide relevant information 
related with the evolution of the polymer···polymer and drug···polymer interactions with the 
temperature, which can be only detected using sensitive microcantilever-based technologies.  
  




Materials. PLA 2002D, a product of Natureworks, was kindly supplied by Nupik International 
(Polinyà, Spain). According to the manufacturer, this PLA has a D content of 1.5%, a residual 
monomer content of 0.3%, density of 1.24 g cm
-3
, glass transition temperature (Tg) of 55-60 
°
C, and 
melting temperature (Tm) of 155-170 °C. The number and weight average molecular weight and 
polydispersity index, as determined by gel permeation chromatography, is Mn= 98100 g/mol, Mw= 
181000 g/mol and 1.85, respectively. PVA (87-89% hydrolysed) with Mw= 13000 – 23000 g/mol 
was purchased from Sigma-Aldrich. Curcumin (CUR) and stiripentol (STP) were purchased from 
Sigma-Aldrich. 1,1,1,3,3,3-Hexafluoroisopropanol (HFIP) was purchased from Apollo Scientific 
Limit (UK). 
Preparation of solutions and mixtures. For the fabrication of homogeneous PLA and PVA ultra-
thin films without drug loading, 10 mg/mL polymer solutions in HFIP were prepared. Nanopored 
and nanoperforated films were obtained by blending PLA and PVA. PLA-PVA blends with 80:20 
and 90:10 PLA:PVA v/v ratios were prepared by mixing PLA (8 and 9 mg/mL, respectively) and 
PVA (2 and 1 mg/mL, respectively) HFIP solutions. On the other hand, drug-loaded films with 
80:20 and 90:10 PLA:CUR and PLA:STP v/v ratios were obtained by mixing PLA (8 and 9 mg/mL) 
and drug (2 and 1 mg/mL) HFIP solutions.  
Preparation of ultra-thin films. 10 µL of PLA, PVA, PLA:PVA or PVA:drug solution was 
dropped onto a silicon microcantilevers chip, like that displayed in Figure 3.1a. The chip was fixed 
on a glass holder for spin-coating. The spin-coating was performed at 3500 rpm for 60 seconds in 
all cases. For the preparation of nanopored and nanoperforated PLA, samples coated with PLA-
PVA films were incubated in milli-Q water during 1 h for the dissolution of the PVA nanophases 
[18]. Spin-coating was performed with a spin-coater (WS-400BZ-6NPP/A1/AR1 Laurell 
Technologies Corporation). Typically, 6-9 ng films were obtained in all cases. Samples were dried 
under vacuum for 24 h before analysis. 




Figure 3.1: Low- and high-magnification optical images of a silicon chip of 8 microcantilevers. (b) 
Experimental set-up for the thermal analyses conducted with SCALA 
Thermal analyses of microcantilevers. Deflection was measured by means of an equipment for 
the optical read-out of the microcantilevers named SCALA, (from MecWins) [25-26]. This 
technique combines the optical beam deflection method and the automated two-dimensional 
scanning of a single laser beam by voice-coil actuators. The equipment implements a thermal 
chamber with a thermoelectric cooler and cartridge heater. These elements are capable of sweeping 
the chamber’s temperature by flowing thermostatized N2 to the sample. A holder with multiple 
thermometer probes is placed inside the chamber for a better mapping of the temperature. All the 
measurements are performed in nitrogen environment to avoid the oxidation of the sample.  
Figure 3.1b schematizes the experimental set-up. The cantilever array is illuminated by the laser 
beam and a two-dimensional linear position detector (PSD) is arranged to collect the reflected 
beams. Location and characterization of cantilever sensors is carried out using TRACKER, an 
algorithm based on the recognition of reflected intensity patterns. This capability of SCALA allows 
the user to characterize a single sensor or an array of them in a fully automated process. A change in 
the local slope at the cantilever surface results into a displacement of the reflected laser spot on the 
PSD, which is denoted S (Figure 3.1b). S is used to obtain the cantilever profile along its 
longitudinal axis, z(x), by integrating: 















xz    (1) 
where D is the distance between the cantilever and the PSD and  is the angle between the incident 
laser beam and the cantilever normal at its rest position. 
Coated cantilevers can be used as precise thermometers by exploiting the bimaterial effect [27], 
which refers to the measurable bending (i.e. differential stress) produced by temperature changes in 
substrates coated on one side by another material. Similarly, coated microcantilevers undergo a 
deflection, Δz (Figure 3.1b), as a result of temperature changes due to the thermal expansion 
coefficient difference between the coating material of the cantilever and the cantilever itself [11]. 
The temperature control was regulated by software created by the MecWins Company. The average 
deflection curves discussed in this work were obtained using 16 different microcantilevers. 
Monocrystalline Si microcantilever chips containing arrays of eight cantilevers (Micromotive 
GmbH) were used for thermomechanical measurements (Figure 3.1a). Specifically, the nominal 
length, width, and thickness of the cantilevers were 500, 90  2, and 1 μm, respectively.  
Profilometry. Film thickness measurements were carried out using a Dektak 150 stylus 
profilometer (Veeco, Plainview, NY). Different scratches were intentionally caused on the films and 
measured to allow statistical analysis of data. At least eighteen independent measurements were 
performed for three samples of each examined condition. Imaging of the films was conducted using 
the following optimized settings: tip radius= 12.5 m; stylus force= 3.0 mg; scan length= 1 mm; 
and speed= 100 µm/s. 
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Scanning electron microscopy (SEM). A Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, 
Germany) equipped with an energy dispersive X-ray (EDX) spectroscopy system and operating at 5 
kV for characterization of the membranes was used. Films supported onto silicon sheets were 
mounted on a double-sided adhesive carbon disc and sputter-coated with an ultra-thin carbon layer 
(6-10 nm) to prevent sample charging problems. The diameter of the perforations was measured 
with the SmartTiff software from Carl Zeiss SMT Ltd. 
FTIR spectroscopy. FTIR spectra were recorded on a FTIR Jasco 4100 spectrophotometer. 
Samples were deposited on an attenuated total reflection accessory (Top-plate) with a diamond 
crystal (Specac model MKII Golden Gate Heated Single Reflection Diamond ATR). For each 
sample, 64 scans were performed between 4000 and 600 cm
-1
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3.3. Results and discussion 
Thermomechanical response of PLA and PVA ultra-thin films 
Figure 3.2 show the ramp applied to the chips during the heating process (i.e. 1 ºC/min) and the 
thermal response of control non-coated cantilevers, which has been analysed by plotting the average 
deflection against the temperature. As it is expected, the deflection of uncoated cantilevers increases 
slowly and progressively with the temperature, as the deflection of rectangular bare cantilevers of 
length L grows linearly with the change of temperature (T), that is z  L
2
T [28]. However, the 
deflection is very small reaching a value of only -0.08 nm at 100 ºC indicating that changes 
discussed below for polymer-coated cantilevers are induced by the bimaterial effect (i.e. different 
thermal expansion/contraction behaviour of the polymer and the silicon cantilever). In this work, all 
thermal analyses with SCALA have been conducted from room temperature (25 ºC) up to 100 ºC. 
The latter is not only the denaturation temperature of the proteins
 
 typically used to prepare PLA 
nanomembranes for biofiltration but also a reasonable temperature to apply thermal treatments to 
drug-loaded PLA devices without causing melt [18]. 
 
Figure 3.2: Mean deflection curves (obtained using 16 microcantilevers) measured for bare microcantilevers. 
In the deflection curve, the standard error of the mean is indicated by thick light-gray lines. The ramp of 
temperature is displayed in the inset.  
PLA ultra-thin films were prepared by spin-coating a HFIP polymer solution onto previously 
cleaned bare microcantilevers chip. The thickness and roughness of the resulting films was 1546 
nm and 2.50.5 nm, respectively, indicating that they are also ultra-flat. This is evidenced in Figure 
3.3a, which shows a representative SEM micrograph. Figure 3.4 shows the average deflection curve 
obtained for PLA, which is very different from that obtained for bare cantilevers. Thus, PLA-coated 
cantilevers undergo a differential stress due to the thermal expansion coefficient difference between 
the polymer and the silicon from the microcantilever, giving rise to significant net positive (upward) 
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deflection. This implies a contraction of the PLA volume, resulting from the reduction of the 
configurational entropy of PLA chains, which causes the reduction of the compressive forces on the 
silicon side of the cantilever.  
 
Figure 3.3: SEM micrographs of (a) PLA and (b) PVA. 
 
Figure 3.4: Mean deflection curves (obtained using 16 microcantilevers) measured for microcantilevers coated 
with PLA. In the deflection curve, the standard error of the mean is indicated by thick light-gray lines. 
Cartoons in schematize the tensile surface stress due to the attraction between PLA molecules, which leads to 
positive (upward) deflection. 
The PLA deflection profile shows a subtle change in the slope that has been associated to the Tg, 
determined to be 51 ºC from the intersection of the tangents to the curves. This value is slightly 
lower that the Tg supplied by the manufacturer, which has been attributed to a small amount HFIP 
solvent molecules remaining after the spin-coating process. Thus, the ultra-thin nature of the film 
and the small weight of the sample (8 ng) favour the plasticiser behaviour of residual HFIP 
solvent. After the Tg, a second change in the slope is detected at 71 ºC, associated to the 
crystallization of amorphous domains during heating from room temperature. This phenomenon, 
called cold crystallization, is observed for PLA and the cold crystallization temperature (Tcc) 
typically ranges from 70º to 165 º depending on the molecular weight and previous processing of 
the sample [29–33].  
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Since nanoperforated PLA ultra-thin films were prepared by blending PLA and PVA and by 
removing PVA domains via water etching, we decided to complete this section studying the 
thermomechanical response of PVA ultra-thin films. A representative SEM micrograph of such 
films, which exhibited thickness and roughness of 18117 nm and 1.80.4 nm, respectively, is 
displayed in Figure 3.3b. The average deflection curve of PVA is shown in Figure 3.5. Unlike PLA, 
net negative (downward) deflection is observed, which has been attributed to increased repulsive 
forces on the silicon-coated surface of the microcantilevers. The interaction between PVA chains 
decreases with increasing temperature, whereas the opposite effect was detected for PLA.  
 
Figure 3.5: Mean deflection curves (obtained using 16 microcantilevers) measured for 
microcantilevers coated with PVA ultra-thin films. In the deflection curve, the standard error of the 
mean is indicated by thick light-gray lines. Cartoons schematize the compressive surface stress due 
to the repulsion between PVA molecules, which leads to negative downward deflection. 
The complex deflection profile recorded for PVA shows an abrupt change in the slope starting at 
56ºC, following a straight line until 66 ºC. This sharp change in the negative deflection tendency has 
been associated to the loss of mass produced by the detachment of superficially adsorbed water 
molecules. PVA is indeed a hydrophilic polymer that tends to capture water molecules at the 
surface. The vapour pressure of water being low, unbound of the superficially adsorbed molecules is 
expected at the indicated temperature interval. After this, the slope experiences a slight change that 
allows to determine the Tg = 87 ºC. This value is in agreement with the Tg values provided in the 
literature [34–36].  
Thermomechanical response of nanopored and nanoperforated PLA ultra-thin films 
PLA-PVA layers were deposited onto silicon microcantilevers by spin-coating 90:10 and 80:20 
PLA:PVA mixtures in HFIP. As PLA and PVA are immiscible polymers, spin-coating promoted the 
segregation of both polymers and the subsequent formation of nanofeatures [17].
 
They consisted in 
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spherical PVA nanodomains homogeneously distributed in the resulting PLA film. According to 
previous work, PVA nanofeatures can be used to create nanopores or nanoperforations in PLA ultra-
thin films by removing them via selective water etching [17-18]. More specifically, PVA 
nanofeatures transform into nanoperforations when their diameter is similar to the entire film 
thickness, while they create nanopores when the diameter is smaller. Moreover, both thickness and 
diameter depend not only on the operational conditions used for the spin-coating (see Methods 
section) but also on the substrate (i.e. silicon cantilevers in this case). It is worth noting that the use 
of an approach based on the combination of phase separation by spin-coating and selective solvent 
etching is expected to cause significant stress at the pore-air and/or perforation-air interfaces. 
Hereafter, solvent etched PLA ultra-thin films derived from spin-coated 90:10 and 80:20 PLA:PVA 
mixtures are denoted 90-PLA and 80-PLA, respectively.  
 
Figure 3.6: SEM micrographs of nanopored 90-PLA and nanoperforated 80-PLA. Examples of 
nanoperforations and nanopores are marked in (d) by red and blue circles, respectively. 
The thickness of 90-PLA and 80-PLA films is 14011 and 1199 nm, respectively, whereas the 
average diameter of the created nanofeatures is 7418 and 9629 nm, respectively. According to 
such thickness / diameter ratios, the topography of these PLA nanofilms may involve nanopores and 
nanoperforations. Representative SEM micrographs of 90-PLA films are displayed in Figure 3.6. 
The surface of such nanofilms exhibits abundant nanopores of very different sizes, but in all cases 
smaller than 100 nm and homogeneously distributed. In contrast, the surface of 80-PLA films can 
be described as distribution of both nanopores and nanoperforations, even though the former are 
more abundant than the latter. According to previous studies on nanoperforated PLA ultra-thin 
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films, nanopores and nanoperforations are distinguishable in Figure 3.6. Thus, nanoperforations 
correspond to nanofeatures with diameters around 120 nm (some examples are marked with red 
boxes in Figure 3.6), while the diameter of nanopores is much lower, 45 nm (some examples are 
marked with blue boxes in Figure 3.6). Obviously, nanofeatures affect the roughness of the films, 
which increases from 2.50.5 nm for neat PLA to 9012 and 12620 nm for 90-PLA and 80-PLA, 





and is not within the scope of this work, aiming to study the influence of 
nanopores and nanoperforations in the thermomechanical response of PLA nanosheets.  
 
Figure 3.7: Mean deflection curves of nanopored 90-PLA ultra-thin films. Cartoons sketch of the 
rearrangement of the PLA molecules at the interface of the pores and perforations, which were affected by the 
PVA etching. Initially, molecules are stressed by repulsive interactions (red pores / perforations; negative 
deflection) but, after a temperature threshold, they are relaxed by attractive interactions (green pores; positive 
deflection). 
The thermomechanical response of nanopored 90-PLA is completely different from that discussed 
above for the homogeneous PLA films (Figure 3.7). Two different regimes are clearly identified. 
The first is defined by the downward profile with negative deflection in the 32-to-48 ºC temperature 
interval, while the second corresponds to the subsequent ascending profile with positive deflection. 
This transition from one regime to the other has been interpreted as a rearrangement of the PLA 
molecules at the pores, which were probably stressed at the PLA–PVA interface before the water 
etching process. Once the PVA is removed, the increasing temperature ramp allows relaxing such 
interfacial molecules, changing repulsive interactions (negative deflection) into attractive ones 
(positive deflection). In the second regime, two changes in the slope are detected at 58 and 70 ºC, 
which have been associated with the Tg and Tcc, respectively. It is worth noting that the Tg of 90-
PLA is 7 ºC higher that that found for compact PLA ultra-thin films (Tg= 51 ºC). According to 
previous observations, this shift is induced by the effect of film-air interface in the interactions 
among polymer chains [14]. Thus, the influence of the bulk and the film-air interface in nanopored 
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90-PLA films decreases and increases, respectively, in comparison to compact and homogeneous 
PLA, which was reported to increase the Tg. This phenomenon is consistent with the downward 
deflection at the lower temperature region (Figure 3.7), reflecting that both the surface stress and the 
thermal properties are affected by the interactions at the interface. On the other hand, the cold 
crystallization process in PLA ultra-thin films remains unaffected by the presence of nanopores, 
suggesting that the mobility of relaxed polymers molecules is preserved.  
The thermomechanical response of 80-PLA films is completely dominated by nanofeatures (Figure 
3.8). In these films, the diameter of nanopores is not only larger than in 90-PLA but also is close to 
the thickness of the film. Nanofeatures therefore consist in a mixture of nanopores and 
nanoperforations. Both elements favour the effects associated to the film-air interface in detriment 
of those of bulk PLA. Thus, the most striking feature of the profile obtained for 80-PLA is the 
continuous negative deflection indicating that repulsive interactions dominate attractive interactions 
throughout the whole temperature interval. Three changes in the slope of the deflection profile are 
detected. The first at 49 ºC has been associated to the relaxation of the PLA molecules located at the 
film-air interface. However, the size and depth of nanopores are significantly higher in 80-PLA than 
in 90-PLA. The extent of this relaxation is therefore lower in the former than in the latter, which 
explains the continuous negative deflection displayed in Figure 3.8. After this, two thermal 
transitions associated to the Tg and Tcc are detected at 63 ºC and 78 ºC, respectively. Again, these 
results indicate that the presence of nanofeatures induces a shift in the transition temperatures 
towards higher values. Moreover, this effect becomes more pronounced when the stress of the PLA 
molecules located at the interface of the pores and perforations predominate over the film-air 
interface associated to the 2D nature of the ultra-thin film.  
 
Figure 3.8: Mean deflection curves of nanoperforated 80-PLA ultra-thin films. Cartoons sketch of the 
rearrangement of the PLA molecules at the interface of the pores and perforations, which were affected by the 
PVA etching. Initially, molecules are stressed by repulsive interactions (red pores / perforations; negative 
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deflection) but, after a temperature threshold, they are less stressed by weaker repulsive interactions (less 
emphasized red perforations; negative deflection). 
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Thermomechanical response of PLA-drug ultra-thin films 
Characterization of drug-loaded PLA ultra-thin films was performed considering curcumin (CUR), 
1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione (Figure 3.9), and stiripentol (STP), 
(R,S)-(E)-4,4-dimethyl-1-[3,4(methylenedioxy)-phenyl]-1-penten-3-ol (Figure 3.10). CUR is a 
polyphenol soluble in lipids but not in water, which displays a wide spectrum of medical properties 
ranging from anti-bacterial, anti-viral, anti-protozoal, anti-fungal, and anti-inflammatory to anti-
cancer activity [37–40]. However, CUR molecules were found to be unstable to a variety of 
physical and chemical environments (i.e. heat, pH, light or alkali medium), restricting its practical 
use. In order to overcome this drawback, researchers have encapsulated CUR into drug delivery 
systems improving drug stability and regulating release behaviour [41–44]. In particular, CUR-
loaded PLA have shown good blood compatibility and healing properties [43-44]. 
 
Figure 3.9: Molecular representation of curcumin 
STP is an anticonvulsant drug used in the treatment of epilepsy that belongs to the group of 
aromatic allylic alcohols. It elevates the levels of -aminobutyric acid (GABA), a major inhibitory 
neurotransmitter that regulates electrical activity in the central nervous system [45].
 
The choice of 
STP for the present study was based on its molecular similarities with CUR. Indeed, in terms of 
potential intermolecular interactions, it mainly differs from CUR in the amount of hydrogen 
bonding acceptor and donor groups (i.e. CUR/STP contains 2/1 and 6/3, respectively). Thus, the 
integration and, indeed, the organization of CUR and STP into the PLA matrix is expected to be 
similar.  
 
Figure 3.10: Molecular representation of striripentol 
The surface morphology of films prepared using 90:10 and 80:20 PLA:CUR solutions in HFIP, 
hereafter denoted PLA/CUR(10) and PLA/CUR(20), respectively, is displayed in Figure 3.11. 
Although CUR is considered to be a lipophilic drug and, therefore, is expected to be miscible with 
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PLA, phase segregation occurred upon spin-coating the mixed CUR and PLA HFIP solutions. CUR 
separates from PLA forming well-defined phase-segregated nanodomains. This has been attributed 
to the hydrogen bonding capacity of CUR, which promotes the formation of CUR···CUR with 
respect to CUR···PLA when the solvent rapidly evaporates through the spin-coating process. 
 
Figure 3.11: SEM micrographs of (a) PLA/CUR(10) and (b) PLA/CUR(20).  
The average size of the CUR segregated phases is 7625 and 8822 nm for PLA/CUR(10) and 
PLA/CUR(20), respectively. Although the size of the segregated domains increases with the amount 
of CUR, Figure 3.11 shows that their abundance per surface unit (i.e. density) is maintained in both 
cases (i.e. 4.4 and 4.5 CUR domains per m
2
 is for PLA/CUR(10) and PLA/CUR(20), respectively). 
Accordingly, changes in the thermal response of the CUR-loaded PLA ultra-thin films should be 
attributed to the increment in the size of the nanodomains (see below). The thickness of 
PLA/CUR(10) films, 15512 nm, is practically identical to that of neat PLA while that of 
PLA/CUR(20), 1886 nm, is slightly higher. Comparison of the size of the CUR nanodomains and 
the thickness of the films suggests that some of such drug segregated phases cross the entire film 
thickness. On the other hand, the roughness of PLA/CUR(10) and PLA/CUR(20) films, 5229 and 
326 nm, respectively, are considerably higher than those of 90-PLA and 80-PLA. 
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Figure 3.12 shows the FTIR spectra of neat CUR, PLA and PLA/CUR(10). The spectrum of 





 can be attributed to the stretching vibration of C=O and C–O bonds, respectively. In 
addition, asymmetrical vibrations of –CH3 bonds at 1455 cm
-1
 and 1380 cm
-1
 and the CH–O 
stretching at 1180 cm
-1
 are also observed. PLA/CUR(10) kept the characteristic peaks at featured 
wave numbers, indicating that the polymer remained stable. The spectrum of pure CUR exhibited 








 and 1027 cm
-1
, which has 
been associated to the stretching vibration of C=O, C=C, olefinic C–H, C–O and C–O–C bonds, 
respectively. The lack of additional peaks in the spectrum of PLA/CUR(10) confirms a physical 
mixture of polymer and drug, proving that CUR was successfully immobilized in PLA ultra-thin 
films. Thus, no chemical reaction occurred during the spin-coating process and, therefore, 
segregated nanodomains in Figure 3.11 are properly ascribed to the drug. 
 
Figure 3.12: FTIR spectra of CUR, PLA and PLA/CUR(10). 
Figure 3.13 compares the thermomechanical behaviour of PLA/CUR(10) and PLA/CUR(20), 
which is affected by the size of drug nanodomains. As occurred for PLA (Figure 3.4), attractive van 
der Waals forces among polymer molecules increase with the temperature, deflecting the cantilever 
upwards. The Tg determined for PLA/CUR(10) from the deflection profile is 60 ºC, which is 9º 
higher than that of PLA (Figure 3.4). Moreover, the regime associated to the cold crystallization is 
not detected below 100 ºC, indicating that CUR nanodomains are also interfering with this process. 
In contrast, the deflection profile of PLA/CUR(20) enables the identification of both the glass 
transition and the cold crystallization processes due to the size and abundance of the nanodomains. 
Specifically, the Tg and the Tcc of PLA/CUR(20) are 3º lower and 6º higher with respect to the 
values reached for neat PLA.  
3. Effect of nanofeatures on the thermal transitions of PLA films 
72 
 
Calorimetric results on melt spun PLA microfibers loaded with 5 wt% CUR, which were prepared 
by melt spinning, showed an increment in the Tcc of 20 ºC [46].
 
This observation is consistent with 
the absence of the cold crystallization process in PLA/CUR(10), suggesting that the shift in the Tcc 
is higher than 30 ºC when the polymeric chains and the drug aggregates are confined in ultra-thin 
films. On the other hand, the Tg of electrospun and melt spun PLA/CUR microfibers remained 
practically unaltered when the drug was loaded in a concentration  10 wt% and decreased 4-5 ºC 
when the amount of drug was > 10 wt% [46-47].
 
Although the latter reduction is fully consistent 
with that displayed for PLA/CUR(20), the thermomechanical response of PLA/CUR(10) in the glass 
transition region seems to be largely influenced by the effect of the film thickness (i.e. by the 
confinement of the polymer chains).  
 
Figure 3.13: Mean deflection curves measured for microcantilever coated with  PLA/CUR(10) and 
PLA/CUR(20). 
Chen et al. reported the lack of PLA···CUR specific interactions (e.g. hydrogen bonds between the 
phenolic of CUR and the backbone ester groups of PLA backbone) for fibres loaded with CUR at 
5 wt%. This feature is consistent with the FTIR spectra displayed in Figure 3.12 [43]. Accordingly, 
the changes induced in the Tg and Tcc of PLA ultra-thin films by the CUR loading should be 
associated to the effects exerted by nanodomains in the polymer molecules. CUR aggregates are 
expected to: (1) stress the PLA chains located at the interface; and (2) to enhance the free volume of 
the polymer matrix, reducing the strength of attractive polymer···polymer interactions. The 
predominant effect will depend on both the size of the drug aggregates and their abundance. Our 
results suggest that the Tg of PLA/CUR(10) is dominated by the stress of the PLA chains located at 
the interfaces, which causes rigidity to the chains of the rest of the film. In contrast, drug 
nanodomains act as a plasticizer in PLA/CUR(20). In this case, CUR nanodomains are big enough 
to make decisive the effect of the spaces between polymer chains at the interfaces, reducing the 
energy for molecular motion and, therefore, favouring the PLA mobility at lower temperature.  
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Independently of the drug concentration, the presence of CUR nanoaggregates acts against the cold 
crystallization process. Indeed polymer chains need to increase their mobility to reach some small 
amount of crystallization while heating. Thus, the increment of the Tcc in PLA/CUR(10) and 
PLA/CUR(20) with respect to neat PLA is due to the mobility restrictions imposed by the presence 
of drug nanodomains.  
 
Figure 3.14: SEM micrographs of (a) PLA/STP(10) and (b) PLA/STP(20). 
In order to corroborate these results, ultra-thin films were prepared using another drug. Figure 3.14 
show representative SEM micrographs of films derived from 90:10 and 80:20 PLA:STP HFIP 
solutions, hereafter denoted PLA/STP(10) and PLA/STP(20), respectively. The thickness / 
roughness of these films, which is 1619 nm / 6025 nm and 18012 nm / 368 nm, respectively, 
follow the same tendency of those loaded with CUR. Besides, the drug organizes in segregated 
nanodomains of average size / density 9938 nm / 3.3 STP domains/m
2
 and 11142 nm / 3.6 STP 
domains/m
2
 for PLA/STP(10) and PLA/STP(20), respectively. Accordingly, drug nanodomains 
are significantly larger for STP-loaded films than for CUR-loaded films, whereas the density is 
considerably lower for the former than for the latter. The FTIR spectrum of STP is characterized by 
a sharp peak at 3551 cm
-1
 corresponding to the OH group, the broad bands at 2951 and 2866 cm
-1
 
associated to HC=CH and aliphatic C–H, respectively, and the sharp band at 1500 cm
-1 
ascribed to 
the stretching vibration of C=C (Figure 3.15). Inspection of the FTIR spectra recorded for 
PLA/STP(10) (Figure 3.15) and PLA/STP(20) (available upon request) indicates that the 
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distribution of the peaks in the physical mixtures is nearly identical to those of neat STP and PLA, 
which is attributable to the lack of drug···polymer interactions. 
 
Figure 3.15: FTIR spectra of STP, PLA and PLA/STP(10). 
Results from SCALA studies on PLA/STP(10) and PLA/STP(20) are in Figure 3.16. The Tg and Tcc 
determined for PLA/STP(10) (i.e. 61 ºC and 89 ºC, respectively) are higher than those obtained for 
neat PLA. The increment in the Tg, which is of 10 ºC, is very similar to that obtained for 
PLA/CUR(10). Again, this has been attributed to the rigidity of PLA chains confined in ultra-thin 
films, which is induced by the STP nanoaggregates. Comparison between PLA/STP(10) and 
PLA/CUR(10) suggests that the influence of the size of STP aggregates is offset by their abundance, 
which is significantly lower than for CUR-loaded films. Besides, the increment in the Tcc with 
respect to neat PLA (18 ºC) is lower than that observed in PLA/CUR(10). This has been associated 
to the fact that the amount of PLA chains affected by the drug in the cold crystallization process is 
mainly influenced by the density of nanodomains. 




Figure 3.16: Mean deflection curves measured for microcantilever coated with  PLA/STP(10) and 
PLA/STP(20). 
On the other hand, the Tg and Tcc obtained for PLA/STP(20) (i.e. 54 ºC and 83 ºC, respectively) are 
intermediate between those of neat PLA and PLA/CUR(20). This observation suggests that, in this 
case, STP aggregates are not acting as a plasticizer. Thus, the increment in the size and the 
reduction in the density of drug nanodomains with respect to PLA/CUR(20) indicate that the effects 
on the rigidity of the PLA chains predominates over those on the mobility (i.e. the plasticising 
effect). In summary, results obtained for drug loaded PLA ultra-thin films demonstrate the 
sensitivity of the SCALA methodology, which allows identifying features in the nanometer-length 
scale that are usually undetectable by conventional calorimetric methods based on bulk samples. 
  




SCALA microcantilevers technology has been used to investigate the influence of nanofeatures in 
the thermal response of PLA ultra-thin films. By comparing with conventional DSC analyses, the Tg 
and Tcc derived from the deflection profiles recorded for cantilevers coated with homogeneous and 
compact PLA and PVA ultra-thin films are very similar to those of the bulk polymers. Moreover, 
such deflection profiles provide information not only about the variation with the temperature of 
attractive and repulsive interactions between PLA and PVA chains, respectively, but also about the 
unbound of the water molecules from the surface of the latter polymer. Incorporation of physical 
nanofeatures, as for example nanopores, nanoperforations and segregated CUR or STP 
nanodomains, to ultra-thin films causes stress in the polymer molecules located at the PLA-air and 
PLA-drug interfaces, altering the thermal response. In the case of nanopored and nanoperforated 
PLA, such stress is probably due to the methodology applied to generate nanofeatures (i.e. phase 
separation through spin-coating followed by selective solvent etching), resulting in a significant 
increment of both the Tg and the Tcc with respect to homogeneous and compact PLA ultra-thin 
films. The thermal response of drug-loaded PLA films depends on the size and abundance of the 
nanodomains, which affect enhancing or reducing the strength of polymer···polymer interactions 
and increasing the mobility of polymer chains. Consequently, the Tg can increase or decrease with 
respect to neat PLA, while the Tcc increases in all cases. In summary, the used microcantilever-
based technology has provided important microscopic information about the influence of 
nanofeatures on the thermal response of PLA, unreachable using conventional calorimetric methods, 
which was never reported before.  
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4. Structural and functional characterization of VDAC36 
Abstract 
Forming water-filled channel in the mitochondria outer membrane and diffusing essential 
metabolites such as NADH and ATP, the VDAC (voltage-dependent anion channel) protein family 
plays a central role in all eukaryotic cells. Little is known about the structural and functional 
properties of plant VDACs in comparison with their mammalian homologues.  In the present 
contribution, one of the two VDACs isoforms of Solanum tuberosum, stVDAC36, has been 
successfully overexpressed and refolded by an in-house method. Circular dichroism and intrinsic 
fluorescence could give information on its secondary and tertiary structure. Cross-linking and 
molecular modelling studies could evidence the presence of dimers and tetramers, and suggest the 
formation of a potential intermolecular disulphide bond between two stVDAC36 monomers. The 
pore-forming activity was also assessed by liposome swelling assays, highlighting a pore diameter 
between 2.0 and 2.7 nm. Finally, insights about the ATP binding inside the pore are pointed out by 
docking studies and electrostatic calculations.  




Voltage Dependent Anion Channels (VDACs) are pore-forming proteins found in the outer 
mitochondrial membrane of all eukaryotic cells. The function of those proteins is associated with 
the permeability of mitochondria. Indeed, they regulate the diffusion of ions and metabolites such as 
nicotinamide adenine dinucleotide hydrogen (NADH) or adenosine triphosphate (ATP). In addition, 
VDAC proteins are involved in apoptosis, as well as in transport of DNA and tRNA [1–4]. Their 
structural properties are highly conserved and they adopt a β-barrel structure generally composed of 
19 antiparallel β-strands. This conformation leads to the formation of an inner channel restricted by 
a N-terminal α-helix that folds into the pore [5]. The VDAC proteins usually show poor selectivity 
and are consequently described as general diffusion pore. As a result, the diffusion is mainly 
controlled by the size of the pore, which may change with the conformation of the α-helix [6]. 
Nevertheless, the chemical nature of the inner cavity can also affect the selectivity as preferential 
diffusion of anions over cations was observed [7]. 
Up to now, only ten VDAC 3D-structures have been fully experimentally described. The Protein 
Data Bank (PDB) contains seven VDAC1 from human, two VDAC1 from mouse, and one VDAC2 
from fish. In contrast to VDAC1, structural and functional characterizations of the other VDAC 
isoforms (2 and 3) are rather limited. Moreover, no consensus has been reached regarding the 
oligomeric state of VDAC proteins and their actual role in nucleotides transport and apoptosis. 
Being integral membrane proteins, it remains indeed a challenge to overexpress and characterize 
VDACs. Particularly, the structure and properties of plant VDACs are less described than their 
mammalian counterparts. In this framework, we have studied one of the VDAC isoforms of the 
Solanum tuberosum outer mitochondrial membrane, stVDAC36 [8]. The latter recently showed their 
relevance in the tRNA mitochondrial transport system [9].  
To gain insight into the structure and function of stVDAC36, it was expressed, refolded and 
characterized. To do so, a protocol based on bacterial expression into inclusion bodies followed by 
an in-house SDS-MPD refolding method is proposed here. The latter procedure has already been 
proven efficient for membrane proteins, including bacterial porins [10–12]. The stVDAC36 was 
then reconstituted into liposomes allowing, by swelling assay, to assess its inner channel size. The 
oligomeric states of stVDAC36 were investigated by cross-linking experiments. A molecular model 
was built to investigate the stVDAC36 structure at the atomic scale. Comparisons to experimental 
data were successfully carried out, whereas the residues forming the inner channel and potentially 




Expression and purification of stVDAC36. The cDNA encoding stVDAC36 was cloned into 
pQE60 vector by Salinas et al. [13], while Escherichia coli BL21 (DE3) were transformed with the 
vector to overproduce 6-His-tagged -stVDAC36 proteins in inclusion bodies. Bacteria were grown 
in 800 mL of lysogeny broth (LB) medium at 37 °C under constant agitation. When the optical 
density at 600 nm reached 0.7, isopropyl β-D-1-thiogalactopyranoside (IPTG) was added (final 
concentration of 2 mM) to stimulate the protein expression during 3h. Bacteria were then pelleted 
by centrifugation at 4000 g for 30 minutes at 4 °C. The pellets were then suspended in the lysis 
buffer (50 mM Tris-HCl pH 8, 5 mM MgCl2, 17 mM NaCl, 1% (w/v) Triton X-100, 1 mg/mL 
lysozyme, 1 mM PMSF). Sodium deoxycholate and DNAse I were added (final concentrations of 
0.2% (w/v) and 0.125 mg/mL, respectively). The lysed solution was agitated at 37°C for two hours 
and then centrifuged at 9000 g for 30 minutes at 4 °C. The supernatant was discarded and the pellet 
was washed twice with the washing buffer (20 mM Tris-HCl pH 8, 500 mM NaCl, 2% (w/v) Triton 
X-100). The washed solution was centrifuged at 5000 g for 10 minutes at 10°C. The final pellet 
corresponding to the inclusion bodies was solubilized in the solubilizing buffer (20 mM phosphate 
pH 8, 1% (w/v) SDS). 
The solubilized proteins were then loaded on a 5 mL HiTrap IMAC FF (GE Healthcare) previously 
loaded with Ni
2+
. The column was previously equilibrated with buffer A (20 mM phosphate pH 8, 
100 mM NaCl, 0.1% (w/v) SDS), and stVDAC36 was then eluted with a gradient of buffer B (20 
mM phosphate pH 8, 100 mM NaCl, 0.1% (w/v) SDS, 250 mM imidazole). Depending of the 
following treatments, the protein buffer was exchanged using a PD-10 desalting column (GE 
Healthcare). 
Circular Dichroism.  Measurements were performed with a Jasco J-810 in the far UV region (260 
– 190 nm) at 20°C. Data pitch was set to 0.1 nm and the bandwidth to 1.0 nm. Spectra were 
accumulated four times at 20 nm/min and corrected by the subtraction of the buffer spectra. The 
secondary structure contents were calculated with Dichroweb using the CDSSTR method and the 
SMP180 reference set [14]. 
Steady-state Trp-Fluorescence. Steady-state measurements were performed with a Varian Cary 
Eclipse spectrophotometer with a 2-mm path length cell. The excitation wavelength was 280 nm 
and the emission spectra were recorded from 290 to 500 nm with 1 nm-step.  
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Reconstitution of stVDAC36 in liposome and swelling assay. The appropriate amount of pure 
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was dissolved in chloroform. The latter was then 
evaporated using a rotary evaporator to obtain a thin homogenous film. The flask was then left one 
hour in a desiccator, and the lipid film was suspended in a buffer (20 mM phosphate pH 7.4, 1 mM 
PEG6000) to obtain a final concentration of 2 mg/mL. The turbid solution was subsequently loaded 
on a mini Extruder (AvantiLipids) with 100 nm filter and extruded 30 times, resulting in a clear 
final solution. 
The stVDAC36 was transferred in a buffer containing 20 mM phosphate pH 7.4, 0.2% (w/v) Triton 
X-100 by using a desalting PD10 column and then added to the liposomes. The final concentrations 
of protein and DOPC were 0.27 mg/mL and 1.4 mg/mL, respectively. The mixture was agitated for 
one hour. After that, 0.2 g/mL of BioBeads SM-2 (Bio-Rad) were added and the mixture was 
agitated two hours more to adsorb the detergent. The solution was filtered for the beads removal. 
Swelling assays were performed by adding 10 µL of proteoliposomes to 190 µL of solution test, i.e. 
20 mM phosphate pH 7.4 and 1.05 mM of solute such as glycine, sugars or PEG. After addition of 
the proteoliposomes, the absorbance at 450 nm was recorded for five minutes. The absorbance 
values were normalized and the diffusion rate was calculated as the difference between the starting 
and final absorbance values. 
Cross-linking. Three cross-linkers were used: dimethyl suberimidate (DMS, 11.0 Å), dimethyl 
adipimidate (DMA, 8.6 Å), and 1,5-difluoro-2,4-dinitrobenzene (DFDNB, 3.0 Å), that were 
dissolved in 20 mM phosphate buffer pH 8.5. Equal volumes of cross-linker solution and protein 
(~0.8 mg/mL) were mixed and incubated for 1.5 hours at 20°C under gentle agitation. The reaction 
was stopped by adding SDS-PAGE loading buffer (10% (w/v) SDS, 20% (w/v) glycerol, 0.2 M 
Tris-HCl pH 6.8, 0.05% (w/v) bromophenol blue). A 12% acrylamide SDS-PAGE was run for 50 
minutes at 200V, and the gels were stained by Coomassie Blue. 
Transmission electron microscopy. Transmission electron microscopy (TEM) pictures were 
obtained with a Philips TECNAI 10 microscope operating at 100 kV. Carbon-coated grids were 
hydrophilized by glow discharge. A 5 µL drop was deposited on the grid for 60 seconds. The grid 
was then rinced with water and 0.5% (w/v) of uranyl acetate was added for 120 seconds for a 
negative staining.  
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Model prediction and analysis. The RaptorX webserver (http://raptorx.uchicago.edu) was used to 
predict the 3D-model of stVDAC36 by using Zebrafish VDAC2 (PDB ID: 4BUM) as main template 
[15]. The secondary structure content was evaluated by the DSSP algorithm [16]. The software 
Visual Molecular Dynamics (VMD) was used for visualizing the models and creating images [17]. 
The electrostatic potential was calculated using the APBS software [18]. Docking studies of ATP 
inside the channel of stVDAC36 were performed using the GOLD program [19]. The binding 
region was defined as a 30 Å radius sphere centred on Arg-16, one of the residues in the α-helical 
N-terminal. For each of the 10 runs, a total of 100,000 genetic operations were carried out on five 
islands, each containing 100 individuals. The solutions were ranked by GOLD score.    
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4.3. Results and discussion 
Expression, purification and refolding 
The transformation of E. coli BL21 (DE3) strain was verified by Polymerase Chain Reaction (PCR) 
with the T7 promoter/terminator. The DNA band revealed on the agarose gel corresponds to the 
length of the VDAC36 nucleic acid sequence (Figure 4.1). The insertion being successful, the 
transformed bacteria were used to express the protein.  
 
Figure 4.1: Agarose gel electrophoresis of PCR products of the stVDAC36 gene. The first column is the DNA 
size marker. Three samples were loaded and revealed a DNA size of 831 bp. 
The purification yielded 9.3 mg of stVDAC36 per culture. It appeared on SDS-PAGE at a molecular 
weight of approximatively 30 kDa, close to the value calculated from the amino acid sequence 




Figure 4.2: SDS-PAGE of the stVDAC36 gene. R: reference ladder, BP: sample before purification, FT: flow 
through obtained during the affinity chromatography, 1-3: samples eluted by imidazole. 
Once produced as inclusion bodies in E. coli and purified under denaturing conditions, stVDAC36 
has been refolded by dilution in a refolding buffer containing sodium dodecylsulfate (SDS) and 2-
methyl-2,4-pentanediol (MPD). Indeed, this peculiar detergent-alcohol association was 
demonstrated be able to successfully refold β-barrel proteins [11-12]. Added MPD partially prevents 
SDS and water to interact with the protein, hence providing a suitable amphiphilic environment. To 
determine the optimal refolding conditions, a panel of refolding buffers has been considered, made 
of 20 mM phosphate pH 8, 66 mM NaCl and several concentrations of SDS and MPD. The protein 
was then characterized by both circular dichroism (CD) and intrinsic fluorescence. VDAC proteins 
possess high β-strands content which folded state is related to typical CD spectra [7-20]. As 
expected, SDS acts as a denaturing agent, leading to spectra that are usually associated to disordered 
structures, with a minimum at 208 nm (Figure 4.3) [21–23]. 




Figure 4.3: Far UV circular dichroism spectra of stVDAC36. After purification, the protein was placed in 
different refolding buffers composed of 20 mM phosphate pH 8 and 66 mM NaCl, and different concentrations 
of sodium dodecylsulfate (SDS) and 2-methyl-2,4-pentanediol (MPD). A) The protein is unfolded regardless 
the concentration of detergent. B) Spectra show a β-barrel signal after addition of MPD. 
By adding an increasing amount of MPD, the CD spectra change to finally reach a signal 
corresponding to β-sheets and more particularly to a β-barrel structure (Figure 4.3B) [24–26]. With 
a MPD concentration of 0.5 M, the minimum at 208 nm is still present and it is concluded that this 
concentration is not sufficient to achieve the protein refolding. The CD spectrum corresponding to 
30 mM SDS and 1 M MPD does not have the minimum at 208 nm and represents the transition 
between the unfolded state and the β-barrel structure. A suitable environment for the refolding is 
reached for the ratio 60 mM SDS and 1.5 M MPD  and a β-barrel CD spectrum is obtained. 
Interestingly, the same ratio was also required to obtain the highest refolding yield for Omp2a, a 
bacterial porin also forming β-barrel [12]. This is a new evidence of the effectiveness of the SDS-




Figure 4.4: Steady-state intrinsic fluorescence spectra of stVDAC36 in buffers composed of 20 mM phosphate 
pH 8 and 66 mM NaCl, and with different concentrations of SDS and MPD. The λmax is shifted from 309 to 
320 nm upon addition of MPD into the refolding buffer. 
The tryptophan (Trp) fluorescence is a common method to study the refolding of proteins and 
complements the CD analysis. More specifically it provides insights into the polarity of the Trp 
vicinity, thereby indicating the orientation of the residue (e.g. pointing towards the hydrophilic inner 
channel or the lipid membrane). In the SDS buffers, the stVDAC36 λmax is at 309 nm with a 
decreasing intensity when the SDS concentration increases (Figure 4.4). This trend was also 
observed for peptides denatured in SDS [27]. With the addition of MPD, a bathochromic shift is 
observed to a λmax of 320 nm, corresponding to a more polar environment. This result supports the 
recovery of the β-barrel conformation by addition of the MPD, as demonstrated by the CD analysis. 
This red-shift between the SDS-unfolded and the native state was also pointed out for peptides [28]. 
The increasing of the fluorescence intensity indicates that the Trp residue is less hindered after 
refolding. To sum up, the fluorescence results are in accordance with the information gathered from 
the CD analysis and support the evidences of the successful stVDAC36 refolding by the SDS/MPD 
method. The latter has proven itself a reliable and fast method for the refolding of membrane 
proteins. 
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Structural studies of stVDAC36: secondary and tertiary structure 
The CD data were analyzed in order to extract the percentage of each secondary structure and to 
understand better the conformational changes underwent by the protein during its refolding (Table 
4.1). 
Table 4.1: Secondary structure content of stVDAC36 in different refolding conditions. Percentages were 
obtained by deconvolution of circular dichroism spectra. 
% α-helices β-strands Turns Unordered 
     
3.5 mM SDS 43 21 10 26 
10 mM SDS 32 14 16 38 
30 mM SDS 29 17 16 38 
60 mM SDS 29 19 16 36 
10 mM SDS + 
 0.5 M MPD 
6 45 10 39 
30 mM SDS +  
1 M MPD 
4 52 9 35 
60 mM SDS +  
1.5M MPD 
1 68 9 22 
Theoretical model 5 64 10 21 
The β-strands content is higher for a SDS concentration of 3.5 mM than for the higher 
concentrations. This particularity can be related with the micelles formation. Indeed, above 3.5 mM 
the SDS could form micelles that alter the properties of the medium, hence modifying the detergent-
protein interactions. Another interesting phenomenon is that SDS promotes the formation of helix-
like structures [29], as illustrated by the high α-helix content for the conditions without MPD. With 
the alcohol, the micelles organization is perturbed and the protein accessible surface for detergents 
is reduced [30]. Consequently, the α-helix content drops significantly. The turn content remains 
almost unchanged, independently of the SDS/MPD ratio. With 0.5 M and 1 M of MPD, the 
unordered structure contents are similar to that of the denatured protein whereas the β-strands 
formation is largely intensified by MPD. Finally, concentrations of 60 mM SDS and 1.5 M MPD 
give the highest amount of β-structures and the smallest of unordered structures, which perfectly 
matches the structural data found in the Protein Data Bank (PDB) for other VDAC proteins. 
Membrane proteins remain a challenge for crystallographic studies and no plant VDAC structure 
has been resolved yet making stVDAC36 structure still undescribed. To answer the need for atomic 
structural information, molecular modelling has become a cost and time effective alternative. A 3D 
model of the protein was therefore built by threading, based on the VDAC2 structure from zebrafish 
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(PDB: 4BUM) [31]. As observed in experimental VDAC structures [32], the resulting stVDAC36 
model is composed of 19 β-strands separated by short loops on the cellular side and turns on the 
intermembrane space.  The β-strands contribute the most to the secondary content with a percentage 
of 64% (Table 4.1), accordingly to the previously described CD spectra. The stVDAC36 model 
presents two girdles of aromatic residues similarly to other β-barrels like porins [33]. The N-
terminal chain folds inside the barrel into an α-helix that forms a bottleneck restricting the size of 
the channel (Figure 4.5). The resulting pore diameter (Dpore) is 1.56 nm, while the diameter of the 
channel with the α-helix outside the barrel is 2.16 nm. The Dpore calculated from the model are in 
accordance with the literature [34–36]. It is important to note that the open state of VDAC proteins 
is dependent of the solute trying to cross the channel. Small ions such as sodium or chloride will see 
the protein as an open gate wherever the α-helix is located. On the contrary, bulkier molecules may 
not be able to pass through the channel when the α-helix restrains the pore. 
 
Figure 4.5: Cartoon representation of the stVDAC36 model built by threading. Secondary structure is 
displayed with the following colors: β-strands (yellow), α-helix (red), turns (cyan) and loops (loop). A) Side 
views with the maximum diameter of the channel in blue. B) Side view without the N-terminus α-helix. C) Top 
view of the stVDAC36 model with the residues constituting the inner channel. The colors correspond to the 
nature of the amino acids as follow: polar (green), apolar (gray), positive (blue) and negative (red). D) Top 
view of the stVDAC36 model without the N-terminus α-helix. 
The fifty-five residues facing the inside of the channel and participating in the properties of the 
inner pore were identified in the model. The channel is composed of 34% polar (neutral), 19% 
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apolar, 9% aromatic, 21% positively charged, 17% negatively charged. Such proportions designate 
the channel as a polar environment with an almost neutral overall charge (i.e. +2). stVDAC36 does 
not have any particular distribution of the residues inside the pore. Indeed, the repartition is 
balanced with an alternation of positively and negatively charged residues all over the 
circumference of the channel (Figure 4.5C). With the α-helix removal, the pore is composed of 45% 
polar (neutral), 29% apolar, 3% aromatic, 13% positively charged and 10% negatively charged 
residues. The pore remains mainly polar and the charges distribution across the channel is modified. 
The translocation of charges was previously observed to explain the anion selectivity of VDAC 




Oligomerization studies by cross-linking 
Some VDAC proteins have already been investigated in structural and functional studies but their 
oligomeric state is still uncertain. In previous works, monomers, dimers, trimers, tetramers and even 
hexamers have been mentioned for this protein family [38–40]. VDAC proteins retain their activity 
both in monomer and in oligomer state, making difficult to establish any solid structure-property 
correlation. Meanwhile, evidencing the nature of the stVDAC36 oligomeric states would help 
understanding the structural organization of the mitochondria outer membrane and its components 
as well as the role of oligomerization in biological processes [40–42]. Indeed, a correlation between 
VDAC oligomerization and apoptosis has previously been reported [4]. In that context, cross-
linking is the method of choice to characterize the quaternary structure of proteins. Three 
homobifunctional and irreversible cross-linkers were selected with different spacer arm length: 
DMS (11.0 Å), DMA (8.6 Å) and DFDNB (3.0 Å). DMS and DMA have an amine-reactive 
imidoester groups and react with the N-terminal α-amines and lysine ε-amines at pH 7-10. They 
have the advantages to not change the charge of the protein thus retaining native structure and do 
not overreact with other nucleophilic groups. However, they present the risk to form a wide range of 
poorly defined oligomers and large aggregates of polymerized proteins. DFDNB contains active 
fluorine atoms reacting with amines but it is less selective than both DMS and DMA. This drawback 
can be partially countered by using very low concentrations of cross-linkers and a short incubation 
time. 
The tests were carried out with/without the β-mercaptoethanol reducing agent and resolved by SDS-
PAGE (Figure 4.6). The optimal refolding buffer, i.e. giving the highest β-sheets content, was 
selected for those experiments (60 mM SDS, 1.5 M MPD, 20 mM phosphate pH 8, 66 mM NaCl). 
Without β-mercaptoethanol, both DMA and DMS give strong bands at ~120 kDa, potentially 
evidencing the presence of tetramers. Interestingly, the intensity of this band is stronger than the one 
corresponding to the monomer. Large oligomers (> 250 kDa) could also be observed at the top of 
the gels. With DFDNB, weaker bands appear at about 30 and 90 kDa for monomer and trimers, 
respectively and the majority of the protein has aggregated.  
When adding the reducing agent, stVDAC36 monomers remain at the same apparent molecular 
weight of 30 kDa but the band at ~120 kDa was worn away. This result suggests that β-
mercaptoethanol can prevent the formation of stable tetramers even though it does not alter the 
abundance of large aggregates. Interestingly a weak band appears at ~60 kDa, hypothetically 
resulting from the degradation of the tetramers into dimers. The cross-linking experiments suggest 
that stVDAC36 can form dimers, trimers and tetramers, the latter being predominant but sensible to 
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chemical conditions. Trimers are associated to the weakest band which suggests a less probable 
state, and they are therefore not retained for the following discussion.   
 
Figure 4.6: SDS-PAGE of stVDAC36 after incubation with three cross-linkers of different space arm length: 
dimethyl suberimidate (DMS, 11.0 Å), dimethyl adipimidate (DMA, 8.6 Å) and 1,5-difluoro-2,4-
dinitrobenzene (DFDNB, 3.0 Å). The buffer is composed of phosphate pH 8, 66 mM NaCl, 60 mM SDS and 
1.5 M MPD. The effect of a reducing agent in the loading buffer was studied: A) no β-mercaptoethanol, B) 
with β-mercaptoethanol.  
The effect of the reducing agent brings us to consider the involvement of cysteine residues in the 
oligomerization process. A single cysteine residue is present in stVDAC36 and is, according to the 
model, located on the external part of the β-barrel, therefore available for intermolecular disulphide 
bridge. Studies on mammalian VDAC showed the involvement of cysteine in the oligomerization 
but this was only demonstrated for proteins with high content of Cys residues (up to nine) [43]. On 
the other hand, it was proved that cysteines in human VDAC2 mainly exist in their reduced form in 
the mitochondrial outer membrane and are more likely to stabilize the barrel with their apolar 
environment [44]. Actually, the number of cysteines is variable across the mammalian isoforms and 
their role still need to be elucidated. In the case of plants, no study has been yet performed on the 
role of cysteines. This first study would therefore give hypotheses on the relation between cysteines 
and oligomerization.    
A dimer model with a disulphide bond formed by Cys158 was constructed using our stVDAC36 
model (Figure 4.7). The zebrafish VDAC2, which served as a template for the stVDAC36 model, 
was proved to form dimer and also possesses a single Cys residue but not participating in the 
oligomerization [31]. The position of the Cys residue could be one reason of the different dimer 
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configuration: in stVDAC36 is at the top of the β-barrel on the cytoplasmic side while it is located 
at middle height of the barrel in zebrafish VDAC2. 
 
Figure 4.7: Cartoon representation of the dimer of stVDAC36 model with the intermolecular disulphide bond 
formed by Cys158. Secondary structure is displayed with the following colors: β-strands (yellow), α-helix 
(red), turns (cyan) and loops (loop). A) Side view. B) Top view. 
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Functional studies: pore-forming activity 
Phosphatidylcholine lipids represent the main constituent of the mitochondria outer membrane 
where VDAC proteins are located [45]. The purified stVDAC36 was therefore reconstituted into 
large unilamellar vesicles (LUV) of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC). The 
vesicles were prepared by extrusion to control their size. DLS measurements indicated a 
hydrodynamic diameter of 148.4 ± 15.8 nm. The liposomes were also observed by TEM and 
showed an average diameter of 202.84 ± 31.35 nm (Figure 4.9). Micrographs were similar to the 
ones reported in literature [46]. The apparent bigger size of the liposomes by TEM is explained by 
the flattening of the vesicles after deposition onto the surface. The equation      
   
 
 gives the 
maximum diameter that a spherical object of diameter d can have after flattening [47]. Considering 
the latter equation, both DLS and TEM provided consistent sizes of the DOPC liposomes. 
 
Figure 4.8: TEM images of negative stained DOPC liposomes prepared by extrusion. 
Prior to functional assays, structural studies of stVDAC36 were conducted by CD to verify the 
conformational state of the protein after reconstitution. The spectrum of the proteoliposome is very 
similar to the refolded one (Figure 4.3), indicating a β-barrel structure. The calculated β-sheet 
content is 59% confirming the correct folding of the protein. However, a bathochromic shift is 
observed compared to the spectrum of the SDS-MPD refolding buffer sample. This effect was 
attributed to the differences in the physical properties of the amphiphilic environments SDS-MPD 
and DOPC liposomes [48]. 
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Liposome swelling assays were then performed in test solutions containing substrates of different 
sizes. This method using sugars or polyethylene glycol (PEG) as diffusing solutes demonstrated its 
relevance to determinate the pore radius of membrane protein [49–52]. The selected solutes were 
classified according to their diameter (Table 4.2) considering that they adopt a spherical shape in 
water [49-51–57]. This approximation becomes less accurate as the size of the solute, especially 
PEG, increases.  
Table 4.2: Size of the solutes used for the liposome swelling assay. The rate was calculated as the difference 
between the initial and last absorbance values (after 300 seconds). 
Solute Glycine Glucose Saccharose Raffinose Stachyose PEG1000 PEG1500 PEG2000 PEG3500 PEG6000 PEG8000 
Size 
(nm) 




40.0 36.0 34.3 28.2 25.4 18.8 13.6 6.4 0.0 0.0 0.0 
 
Liposomes without protein were added to the test solutions as negative controls, and no change in 
absorbance was observed. The swelling is more important with smaller solutes as previously 
reported for reconstituted pore-forming proteins [58]. No swelling was observed for PEG with a 
molecular weight equal or above 3500 Da (Figure 4.9). The assay demonstrated the ability of the 
reconstituted stVDAC36 to form a channel and diffuse solutes with a molecular weight below 3500 
Da. The results also give an indirect determination of the pore size between 2.0 and 2.7 nm of 
diameter. 
 
Figure 4.9: Liposome swelling assay of stVDAC36 reconstituted in DOPC liposomes. The absorbance was 
recorded at 450 nm after dilution of the proteo-liposomes into the test solutions containing glycine, saccharides 
or poly(ethyleneglycol) (PEG) of various sizes. 
Those results are in agreement with the model and also with other VDAC from other organisms 
[35–37]. The discrepancies may be explained by the elliptical shape of the VDAC pore and the 
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spherical approximation of the long PEG molecules which can adopt an elongated shape. They 
could therefore orientate their long axis aligned with the main axis of the pore. The N-terminal 
extremity of VDAC forming the inner-pore α-helix is responsible of the channel gating [59-60]. The 
swelling data correspond to the protein conformation with the α-helix out of the barrel, as expected 
due to equal concentrations of ions in the internal and external media [61]. However the presence of 
high molecular weight PEG can induce ions partitioning in the vicinity of the proteins thus resulting 
in local changes of the electrical potential [62]. This phenomenon could play a role in the gating of 




Functional studies: ATP binding to plant VDAC 
A closer look into the channel provides essential information about the mechanism of selectivity of 
transport proteins. While ATP permeation through plant VDAC is totally unknown, some insights 
can be given using the present model. 
VDACs were showed to have a high-conductance state, called the open state, and a lower-
conductance state, called the partially closed state which reduces the flux of ATP molecules to zero 
[63–65]. Based on previous modelling studies and crystal structures on mammalian VDAC1 (mouse 
or human), our model is supposed to be in the open state [63]. ATP was assumed to permeate via a 
network of basic residues. As for mammalian VDAC1, electrostatic potential calculations show that 
the interior of the pore of stVDAC36 has a higher density of positive versus negative charges, partly 
due to the N-terminal α-helix, explaining the preference for transporting anions over cations in the 
open conformation (Figure 4.10) [66]. 
 
Figure 4.10: Electrostatic potential (units:      ) displayed on the accessible surface of stVDAC36. 
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A low-affinity binding site was identified in mVDAC1 for ATP in the N-terminal α-helical segment 
containing 3 positive (Lys-12, Lys-20, and Arg-15) and 2 negative (Asp-9 and Asp-16) charges 
facing the interior of the pore [66-67]. Interestingly these five residues are conserved in stVDAC36 
(Lys-13, Arg-16, Asp-10, Asp-17) except Lys-20 which is replaced by an arginine (Arg-21). 
Replacing a serine in mVDAC, an additional lysine is present in the α-helix of stVDAC36, 
reinforcing the positive charge of the helix. Based on a docking study, several binding modes of 
ATP were identified inside the pore and interacting with the positive residues of the N-terminal, 
supporting the hypothesis of a low-binding affinity. One of these binding modes involved the 
specific Arg found in stVDAC36 and Lys-28 from the β1 sheet, interacting with the ATP phosphate 
group (Figure 4.11). 
 






In this work, the stVDAC36 from Solanum tuberosum was first expressed and purified. The protein 
was subsequently refolded in one step by the SDS/MPD method. Circular dichroism was used to 
assess the secondary structure of the protein and verify the refolding. Doing so, a typical spectrum 
of β-barrels was obtained. The highest β-sheet content was attained with a SDS/MPD ratio of 60 
mM and 1.5 M, respectively. Fluorescence measurements confirmed the conformation changes 
undergone by the protein after refolding. The formation of oligomers was then studied by cross-
linking. Tetramers were predominant but were not stable against reducing agent such as β-
mercaptoethanol. In such conditions, dimers were mainly present. The involvement of cysteine 
residues was therefore investigated and a realistic model of a stVDAC36 dimer with an 
intermolecular disulphide bond was constructed. 
 The protein was also reconstituted into lipid vesicles prepared by extrusion. The size of the vesicles 
could be controlled and the ability of the protein to diffuse solutes was evaluated by liposome 
swelling assays. The solutes varied in size in a range from 0.3 to 4.5 nm. It was concluded that 
stVDAC36 could not diffuse solutes bigger than 3500 Da, resulting of a pore diameter between 2.0 
and 2.7 nm. This is in accordance with the size of the pore calculated from the model and other 
known similar channels.  
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Summary 
Hybrid free-standing biomimetic materials are developed by integrating the VDAC36 β-barrel 
protein into robust and flexible three-layered polymer nanomembranes. The first and third layers are 
prepared by spin-coating a mixture of poly(lactic acid) (PLA) and poly(vinyl alcohol) (PVA). PVA 
nanofeatures are transformed into controlled nanoperforations by solvent-etching. The two 
nanoperforated PLA layers are separated by an electroactive layer, which is successfully 
electropolymerized by introducing a conducting sacrificial substrate below the first PLA nanosheet. 
Finally, the nanomaterial is consolidated by immobilizing the VDAC36 protein, active as an ion 
channel, into the nanoperforations of the upper layer. The integration of the protein causes a 
significant reduction of the material electrical resistance, which decreases from 21.9 to 3.9 k·cm
2
. 
Electrochemical impedance spectroscopy studies reveal that the hybrid material behaves as a 
supercapacitor. The combination of polymers and proteins is promising for the development of new 








Hybrid biomimetic membranes take advantage, on the one hand, of biomolecules having gained 
excellence on their specificity and efficiency during billions of years, and, on the other hand, of 
artificial materials loading the purified biological molecules as well as providing technological 
properties, such as robustness, scalability and suitable nanofeatures to confine the biomolecules. 
Molecular sensing, water purification and desalination, drug delivery and DNA sequencing are 
some striking applications of these 2D devices.  
Porins are a class of outer membrane proteins (OMPs), which consist of -barrel channels located in 
gram-negative bacteria and mitochondria [1]. -Barrels are typically employed for the fabrication of 
hybrid biomimetic membranes [2–6], even though other biomolecules and materials have also 
attracted interest [7–13]. From the perspective of the employed materials, the approaches used to 
modify artificial membranes, which can be free-standing or tethered onto solid supports, with 
biomolecules are those based on the use of amphiphilic copolymers and nanostructured polymers.  
In a recent study, the latter approach was used to embed an OMP, named Omp2a [14], in a 
supported conducting polymer (CP) membrane made of poly(N-methylpyrrole) (PNMPy) [5]. 
Electrochemical impedance spectroscopy (EIS) showed that PNMPy/Omp2a preferentially 
promotes the passive transport of K
+
 in solutions with relatively high ionic concentrations. The 
PNMPy membrane was electrochemically synthesized onto a rigid stainless steel electrode, which 
represents a serious inconvenient for possible future applications. Later, self-standing poly(lactic 
acid) (PLA) nanomembranes were used as support for the Omp2a protein [6]. These membranes, 
which were prepared by spin-coating an immiscible mixture of poly(vinyl alcohol) (PVA) and PLA 
[15], showed nanoperforations (diameter: 5122 nm) resulting from the combination of nanophase 
segregation processes and selective solvent etching. EIS assays evidenced that, with respect to 
protein-free nanoperforated PLA (npPLA) nanomembranes, the protein, confined around and inside 
the nanoperforations, enhanced the conductivity and selectivity against some ions [16].  
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In this work we present a new approach to synergistically combine the advantages of supported and 
free-standing hybrid biomimetic membranes based on CPs, biodegradable PLA and OMPs. This 
approach is based on a smart strategy that merges the processing of npPLA nanosheets, the anodic 
polymerization of poly(3,4-ethylenedioxythiopene) (PEDOT), and the functionality of Voltage 
Dependent Anion Channels (VDACs), porins found in the outer mitochondrial membrane of all 
eukaryotic cells [17]. The function of VDACs is associated with the permeability of the 
mitochondria, regulating the diffusion of ions and metabolites [18-19]. Specifically, this work focus 
on the use of VDAC from Solanum tuberosum, a plant (potato) model organism, hereafter named 
VDAC36 [20]. Results show that npPLA/PEDOT/npPLA/VDAC free-standing membranes are 
biomimetic, exhibit low electrical resistance, and behave as a supercapacitor. 
  




Materials. Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) 1.3 wt. % 
dispersion in H2O, 3,4-ethylenedioxythiophene (EDOT), PVA 87-89% hydrolyzed and lithium 
perchlorate (LiClO4) were purchased from Sigma-Aldrich (USA). PLA 2002D, a product of 
Natureworks, was kindly supplied by Nupik International (Polinyà, Spain). According to the 
manufacturer, this PLA has a D content of 4.25%, a residual monomer content of 0.3%, density of 
1.24 g/cm
3
, glass transition temperature (Tg) of 58 
o
C, and melting temperature (Tm) of 153 
o
C. 
Acetonitrile and hexafluoroisopropanol (HFIP) were purchased from Panreac Quimica S.A.U. 
(Spain). 
Spin-coating. Spin-coating was performed using the conditions described in the main text with a 
spin-coater (WS-400BZ-6NPP/A1/AR1 Laurell Technologies Corporation). The PEDOT:PSS 
sacrificial layer was obtained by spin-coating a commercial water dispersion (1.3 wt. %) at a speed of 
800 rpm for 1 min. Nanoperforated PLA (npPLA) layers were obtained by blending PLA and PVA 
with a ratio of 90:10 v/v (PLA:PVA), prepared by mixing PLA (10 mg/mL) and PVA (10 mg/mL) 
HFIP solutions. The spin-coating of the PLA:PVA mixture was conducted at 1200 rpm for 1 min. The 
resulting PLA:PVA nanomembrane was transformed into npPLA by eliminating the PVA phase. For 
this purpose, selective solvent etching was carried out by dropping milli-Q water on the surface for 1 
h without agitation at 20 ºC. 
Anodic polymerization. Anodic polymerizations were performed using a VersaStat II potentiostat-
galvanostat connected to a computer controlled through a Metrohm Autolab Nova program. 
Electrochemical experiments were conducted in a three-electrode two-compartment cell under 
nitrogen atmosphere (99.995% in purity) at 20 ºC. The anodic compartment was filled with 40 mL 
of a 10 mM EDOT solution in acetonitrile containing 0.1 M LiClO4 as supporting electrolyte, while 
the cathodic compartment was filled with 10 mL of the same electrolyte solution. Steel AISI 316L 
sheets, previously washed with acetone and ethanol, were employed as working (coated with a 
PEDOT:PSS layer) and counter (bare) electrodes. The reference electrode was an Ag|AgCl 
electrode containing a KCl saturated aqueous solution (Eº = 0.222 V at 25 ºC), which was connected 
to the working compartment through a salt bridge containing the electrolyte solution. All anodic 
polymerizations were conducted by chronoamperometry under a constant potential of +1.40 V and 
adjusting the polymerization charge to 90 mC. 
Expression, purification and immobilization of the VDAC36 protein. Escherichia coli BL21 
(DE3) bacteria were transformed to produce 6 His-tagged VDAC36 proteins in inclusion bodies. 
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Bacteria were then lysed and centrifuged to obtain the final pellet corresponding to the non-purified 
unfolded proteins. VDAC36 was then purified by Ni
2+
 affinity column. VDAC36 was eluted and the 
buffer was exchanged to 20 mM phosphate pH 8, 60 mM sodium dodecyl sulfate (SDS) and 1.5 M 
2-methyl-2,4-pentanediol (MPD) with a PD10 desalting column. The supported 
npPLA/PEDOT/npPLA 3-layered film was used to immobilize the protein. For this purpose, 
samples were placed on a 24-well plate and incubated with 1000 µL of a protein solution, which 
contained 0.85 mg/mL VDAC36, 60 mM SDS and 1.5 M MPD, for 12 h at 20 ºC. 
The resulting npPLA/PEDOT/npPLA/VDAC samples were rinsed three times with milliQ 
water to remove residues. Blank film was obtained using the same procedure (i.e. 60 mM 
SDS and 1.5 M MPD) but without VDAC36. 
Profilometry. Film thickness measurements were carried out using a Dektak 150 stylus profilometer 
(Veeco, Plainview, NY). Different scratches were intentionally caused on the films and measured to 
allow statistical analysis of data. At least eighteen independent measurements were performed for 
three samples of each examined condition. Imaging of the films was conducted using the following 
optimized settings: tip radius = 2.5 m; stylus force = 3.0 mg; scan length = 1 mm; and speed = 50 
µm/s. 
Scanning electron microscopy. Detailed inspection of films and layers was conducted by scanning 
electron microscopy (SEM). A Focus Ion Beam Zeiss Neon 40 instrument (Carl Zeiss, Germany) 
equipped with an energy dispersive X-ray (EDX) spectroscopy system and operating at 1 kV was 
used. Films supported onto steel sheets were mounted on a double-sided adhesive carbon disc and 
sputter-coated with an ultra-thin carbon layer (6-10 nm) to prevent sample charging problems. The 
diameter of the perforations was measured with the SmartTiff software from Carl Zeiss SMT Ltd.  
Fluorescence microscopy. Imaging was performed using an Axio Observer Z1 fluorescence 
microscope (Carl Zeiss) confocal laser scanning microscope with a 60x oil objective. The excitation 
wavelength was set to 280 nm and the emission was collected at 303 and 354 nm, for tyrosine (Tyr) 
and tryptophan (Trp) residues, respectively. 
Atomic force microscopy. AFM images of PLA nanomembranes before and after application of 
selective solvent etching were obtained with a Molecular Imaging PicoSPM using a NanoScope IV 
controller under ambient conditions. The tapping mode AFM was operated at constant deflection 
(i.e. vertical constant force with triangular shaped gold-coated silicon nitride). The row scanning 
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frequency was set to 0.87 or 0.68 Hz, depending on the sample response, and the physical tip 
sample motion speed was 10 mm/s. 
Raman spectroscopy. Samples were characterized using a commercial Renishaw inVia Qontor 
confocal Raman microscope. The Raman setup consisted of a laser (at 785 nm with a nominal 300 
mW output power) directed through a microscope (specially adapted Leica DM2700 M microscope) 
to the sample, after which the scattered light is collected and directed to a spectrometer with a 1200 
lines·mm
−1
 grating. The exposure time was 1 s, the laser power was adjusted to 0.1% of its nominal 
output power depending on the sample, and each spectrum was collected with three accumulations. 
FTIR spectroscopy. FTIR spectra were recorded on a FTIR Jasco 4100 spectrophotometer. The 
powder and films were deposited on an attenuated total reflection accessory (Top-plate) with a 
diamond crystal (Specac model MKII Golden Gate Heated Single Reflection Diamond ATR). 
Samples were evaluated using the spectra manager software and, for each sample, 32 scans were 
performed between 4000 and 600 cm
-1
 with a resolution of 4 cm
-1
. 
X-ray photoelectron spectroscopy. XPS analyses were performed in a SPECS system equipped 
with a high-intensity twin-anode X-ray source XR50 of Mg/Al (1253 eV/1487 eV) operating at 150 
W, placed perpendicular to the analyzer axis, and using a Phoibos 150 MCD-9 XP detector. The X-
ray spot size was 650 mm. The pass energy was set to 25 and 0.1 eV for the survey and the narrow 
scans, respectively. Charge compensation was achieved with a combination of electron and argon 
ion flood guns. The energy and emission currents of the electrons were 4 eV and 0.35 mA, 
respectively. For the argon gun, the energy and the emission currents were 0 eV and 0.1 mA, 
respectively. The spectra were recorded with a pass energy of 25 eV in 0.1 eV steps at a pressure 
below 6·10
-9
 mbar. These standard conditions of charge compensation resulted in a negative but 
perfectly uniform static charge. The C1s peak was used as an internal reference with a binding 
energy of 284.8 eV. High-resolution XPS spectra were acquired by Gaussian/Lorentzian curve 
fitting after S-shape background subtraction. The surface composition was determined using the 
manufacturer's sensitivity factors. 
Wettability. Contact angle measurements were carried out using the water sessile drop method. 
Images of 0.5 μL distillated water drops were recorded after stabilization with the equipment OCA 
15EC (Data-Physics Instruments GmbH, Filderstadt). SCA20 software was used to analyze the 
images and determine the contact angle value, which was obtained as the average of at least fifteen 
independent measures for each sample. 
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Circular dichroism. CD spectra were recorded between 190 and 260 nm at room temperature using 
a Jasco J-815 equipment with a protein concentration of approximately 110 µg/mL and a 0.1 cm cell 
path. Spectra were acquired at a scan speed of 50 nm min
-1
 with a 0.2 nm data pitch using a 2 nm 
bandwidth and a 4 second digital integration time. Spectra were averaged after two accumulations 
and corrected by subtraction of the background spectrum.  
Electrochemical impedance spectroscopy. EIS measurements were performed using a 
conventional three-electrode cell and an AUTOLAB-302N potentiostat/galvanostat operating 




 Hz and 10 mV of amplitude for the sinusoidal 
voltage. All experiments were performed at room temperature with 3-layered membranes deposited 
onto steel and using a 500 mM NaCl electrolyte solution. Steel was used as working-electrode and 
platinum as counter-electrode, whereas Ag|AgCl saturated (KCl 3M) was employed as reference 
electrode. After data collection, EIS results were then processed and fitted to an electrical equivalent 
circuit (EEC). 
  
5. Biomimetic hybrid membranes made of PLA, PEDOT and VDAC36 
118 
 
5.3. Results and discussion 
Preparation and characterization of the 3-layered film 
The process used to prepare the new biomimetic membrane is schematically summarized in Figure 
5.1, and experimental details are given in the Methods section. An electroactive PEDOT: PSS film 
of 17319 nm in thickness was prepared as sacrificial layer by spin-coating a commercial water 
dispersion onto steel AISI 316 sheets (Figure 5.1a). Then, a PLA:PVA layer was deposited onto the 
PEDOT:PSS sheet by spin-coating a PLA:PVA mixture in hexafluoroisopropanol (HFIP) (Figure 
5.1b). As PLA and PVA are immiscible polymers, the resulting PLA:PVA layer displays a phase 
segregation with the formation of PVA domains with dimensions similar to the entire film thickness 
(Figure 5.1c) [21],
 
which is 13518 nm.  
 
Figure 5.1: Scheme illustrating the preparation of npPLA/PEDOT/npPLA/VDAC free-standing biomimetic 
membranes. 
Representative AFM phase images (Figure 5.2) show nanofeatures, consisting of separated PVA 
rounded-shape domains within the PLA matrix (lighter and darker contrast, respectively). 
Nanofeatures transform into nanoperforations (Figure 5.1d) by selective solvent etching, and 
resulting films are 11411 nm thick. AFM phase images of npPLA are shown in Figure 5.2, while 
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the representative SEM micrograph displayed in Figure 5.3 illustrates the abundance and 
distribution of the nanoperforations, which are 4914 nm in diameter.  
 
 
Figure 5.2: AFM phase and topographic images of PLA:PVA and npPLA films. 
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Nanoperforations in the PLA nanosheet were responsible of the successful anodic polymerization of 
PEDOT (Figure 5.1e). For this purpose, the electrode coated with PEDOT:PSS and npPLA was 
moved to an electrochemical cell and used as working electrode. This cell was filled with EDOT 
monomers and supporting electrolyte containing solution. The electropolymerization was performed 
under a constant potential of 1.40 V and adjusting the polymerization charge to 90 mC. Monomer 
molecules cross the entire thickness of the npPLA film through the nanoperforations, reaching the 
semiconducting PEDOT:PSS sacrificial layer. The latter was used to immobilize the PEDOT 
chains, forming a very cohesive system when adhering to the npPLA layer. A SEM micrograph of 
the PEDOT layer, which exhibited a thickness of 76581 nm, is shown in Figure 5.3b, while Figure 
5.3c, displays both the npPLA and PEDOT sides in an intentionally scratched sheet. Finally, the 
PEDOT layer was covered with a new nanosheet of npPLA, obtained as previously described. The 
morphology of the last PLA layer, with a thickness of 16731 nm, is shown in Figure 5.3d. The 
diameter of the nanoperforations in the upper npPLA layer, 13725 nm, is greater than in the first 
layer, evidencing that the PEDOT layer behaves as a mold in the spin-coating process. 
 
Figure 5.3: Representative high resolution SEM micrograph of: (a) the first npPLA layer, (b) the intermediate 
PEDOT layer, (c) the two sides of an intentionally scratched npPLA/PEDOT 2-layered film, and (d) the upper 
layer of the npPLA/PEDOT/npPLA 3-layered film. 
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Immobilization of the protein into the 3-layered film 
The supported npPLA/PEDOT/npPLA 3-layered film, with a thickness of ca. 1.2 m, was used to 
immobilize the protein as described in the experimental section. Although SEM micrographs 
recorded for 3-layered systems incubated in both protein and blank solutions (Figure 5.4) allowed 
the identification of superficial SDS crystals, frequently formed from SDS micellar solutions [22], 
the VDAC36 protein was not distinguished at the surface. This was attributed to its low tendency to 
associate into hierarchical structures. However, the successful immobilization of the protein onto 
the surface of the 3-layered film was proved by laser scanning confocal microscopy, visualizing the 
intrinsic fluorescence of VDAC36 (Figure 5.5). Comparison of the bright field images, the 
fluorescence images as well as the merged images recorded for 3-layered films before and after 
protein incubation allows identifying the Tyr and the Trp of VDAC36 in 
npPLA/PEDOT/npPLA/VDAC by the fluorescence at 303 and 354 nm, respectively. Apparently, 
the protein is homogeneously immobilized over the entire surface, without observing preferential 
positions.  




Figure 5.4: SEM micrographs with increasing magnification (bottom to top) of npPLA/PEDOT/npPLA/VDAC 
(left column) and npPLA/PEDOT/npPLA (right column) 3-layered films. The different elements of the film 
(i.e. npPLA of the upper layer, PEDOT clusters emerging from the intermediate layer and SDS crystals) are 
marked in red, while representative nanoperforations of the upper npPLA layer are marked in blue. 




Figure 5.5: Confocal microscopy images of (a) npPLA/PEDOT/npPLA and (b) 
npPLA/PEDOT/npPLA/VDAC. The panels at the first and second columns correspond to the fluorescence 
images, the panel at the right displays the merged images. Scale bar: 10 µm. 
The latter observation was corroborated by AFM. Comparison of topographic and phase AFM 
images recorded for npPLA/PEDOT/npPLA films before and after incubation with VDAC36 
(Figure 5.6) shows that the protein was not only confined inside and around the nanopores of the 
outer npPLA layer but also adsorbed onto its electrochemically inactive surface. Although only the 
protein immobilized in the pores is expected to contribute to ion transport, regulation of the 
adsorption process to avoid the immobilization onto the surface is, unfortunately, a very difficult 
task. 
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Figure 5.6: 2D topographic and phase contrast AFM images (left and right, respectively) for (a) 
npPLA/PEDOT/npPLA and (b) npPLA/PEDOT/npPLA/VDAC: 5x5 µm² (top), 1x1 µm² (middle) and 
0.25x0.25 µm² (bottom) windows. Comparison of the images recorded for the 3-layered film reflects the 
apparition of small protuberances after incubation in the protein solution. These protuberances, which have 
been attributed to protein aggregates, are located onto the film surface and inside and around the nanopores of 
the outer npPLA layer. 
Further characterization by XPS, contact angle measures, FTIR spectroscopy and CD 
unambiguously confirmed the immobilization of the protein. The atomic compositions of 
npPLA/PEDOT/npPLA and npPLA/PEDOT/npPLA/VDAC, as obtained by XPS, are compared in  
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Table 5.1. The penetration of X-ray radiation using the conditions described in Methods section 
(ESI) is expected to be 10 nm, even though in this case the penetration is unknown due to the 
nanoperforations at the upper layer. The content of N 1s, which is undetectable for 
npPLA/PEDOT/npPLA, is 0.19% for npPLA/PEDOT/npPLA/VDAC. This feature, together with 
the increment of O 1s content, supports the presence of the porin.  
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Table 5.1: Atomic percent composition obtained by XPS for the studied 3-layered films. 
 C 1s N 1s O 1s S 2p 
npPLA/PEDOT/npPLA 72.01 0.00 27.88 0.11 
npPLA/PEDOT/npPLA/VDAC 70.87 0.19 28.88 0.06 
The contact angles () measured in water (Figure 5.7) also provided indirect evidences of the 
successful immobilization of VDAC36. The wettability of npPLA/PEDOT/npPLA (=61°7°) 
significantly increased upon the incorporation of the protein (=41°10°), which has been attributed 
to the effect of the hydrophilic residues found in the loops connecting the β-strands of the protein or 
inside the central pore.  
 
Figure 5.7: Contact angle of the 3-layered films. 
Detachment of 3-layered films from steel substrates was achieved by selective elimination of the 
thin sacrificial layer. Although PEDOT:PSS is not soluble in water, it forms a colloidal dispersion. 
After immersion into milli-Q water for 12 h, films were detached from the steel substrate and easily 
recovered with fine-point tweezers. The resulting free-standing films, which do not deteriorate 
during such process, are 1.05 m in thickness and shows excellent conformability (Figure 5.8).  




Figure 5.8: Photographs showing the robustness and conformability of free standing 
npPLA/PEDOT/npPLA/VDAC films. 
Figure 5.9 compares the FTIR spectra from 890 to 1790 cm
-1
 of several films after detachment. 
Although the side chain bands of charged amino residues at 1631 and 1755 cm
-1
 are not identified 
because of the overlapping with the bands associated to the thiophene ring (C=C and C–C 
stretching) of PEDOT [23], it is possible, from the typical amide band, to unambiguously conclude 
that VDAC36 has been successfully immobilized. Indeed, the amide III and II vibrational modes of 
the protein, which arise from the coupling between the N−H in-plane bending and C−N stretching 
modes, are clearly recognizable at 1230 and 1514 cm
-1
, respectively.  
 
Figure 5.9: FTIR spectra of 3-layered free standing films. 
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The immobilized protein not only remained at the free-standing 3-layered film, as proved by FTIR 
spectroscopy (Figure 5.9) but also preserved its -barrel structure. Figure 5.10 compares the CD 
spectra recorded for VDAC36 in five different scenarios: (i) unfolded (negative control); (ii) 
refolded in SDS-MPD; (iii) after immobilization onto the supported 3-layered film; and (iv) after 
detachment of the free-standing film. All spectra, with the exception of the unfolded protein, exhibit 
a broad minimum at 218-220 nm that is typically associated with β-stranded proteins [24]. The 
spectrum of the unfolded protein reflects structural modifications associated with the 
conformational lost.  
 
Figure 5.10: CD spectra for the VDAC36 protein: unfolded, refolded, after immobilization onto supported 3-
layered films and after detachment of the 3-layered film from the steel substrate. 
Influence of the protein on the film electrical response 
EIS studies were conducted on npPLA/PEDOT/npPLA and npPLA/PEDOT/npPLA/VDAC to 
monitor the changes in resistance and capacitance caused by the 3-layered configuration containing 
both npPLA and CP with respect to simple membranes with only one of such components. The ion 





using a 0.5 M NaCl solution and steel electrodes. Figure 5.11 displays the recorded Nyquist and 
Bode plots. The EECs used to fit the experimental data and the corresponding parameters are 
sketched in Figure 5.12, where RS is the electrolyte resistance and Rp represents the ability of the 
films to impede ion transport at the interface between the electrolyte and the membrane (i.e. the 
resistance of the film). The EECs also include double layer capacitances from both the 3-layered 
film and the steel electrode (CPE3L and CPEst, respectively) and a Warburg impedance element (W), 
corresponding to the diffusion of water molecules. In the case of npPLA/PEDOT/npPLA/VDAC, 
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both Rp and CPE3L include the overall contribution of the VDAC36-integrated interface. Both 
CPE3L and CPEst were modelled using a constant phase element (CPE). 
 
 
Figure 5.11: (a) Nyquist and (b) Bode plots in a 0.5 M NaCl aqueous solution. Symbols correspond to 
experimental data, while lines are fitted curves according to EEC. 
The Rp of the 3-layered film functionalized with VDAC36 is one order of magnitude lower than that 
of the film without protein (i.e. 3.9 and 21.9 k·cm
2
, respectively) using a 0.5 M NaCl solution. 
Interestingly, the resistance of the npPLA/PEDOT/npNA/VDAC membrane is very similar to that 
observed for the PPy/Omp2a membrane (1.3 k·cm
2
) [5], though the amount of CP contained was 
significantly higher and was not self-supported. Similarly, the resistance reported for Omp2a protein 
supported onto lipid bilayers, which exhibited much less mechanical strength than polymeric 
nanomembranes, was of 3.7 kΩ·cm
2
 [16].  




Figure 5.12: Electrical equivalent circuit (EEC) elements used for fitting experimental data recorded for 
npPLA/PEDOT/npPLA and npPLA/PEDOT/npPLA/VDAC.  
These results confirm that npPLA/PEDOT/npNA/VDAC membranes behave as smart biomimetic 
membranes fulfilling the self-standing and mechanical integrity requirements of many applications 
in different areas of the biomedical field, such as nanofluidics, biosensing and energy conversion. 
In addition to the heterogeneous characteristics of the electrode surface (i.e. roughness, porosity, 
reactivity), the CPE impedance is related to non-uniform diffusion across the interface. 




, representing an ideal capacitor (n = 1), a pure resistor 
(n = 0) or a diffusion process (n = 0.5). For films without and with VDAC36, the value of n 
obtained for the CPE associated to CPE3L is 0.769 and 0.927, reflecting that the protein significantly 
improves the capacitive behaviour of the film. The well-known supercapacitive (i.e. 
electrochemically capacitive) response of PEDOT is typically attributed to its ability to promote 
series of fast and reversible redox reactions [25-26]. However, our results show that the integration 
of the protein enhances this behaviour. This change is justified by the addition of the bounded 
Warburg diffusion impedance (T) element, which is characteristic of films that contain a fixed 
amount of electroactive material (i.e. films of finite thickness). The addition of T, which is usually 
related to the diffusion resistance of ions in doped electrodes of batteries and supercapacitors [27–
29],
 
indicates that VDAC36 induces a fast transfer and subsequent adsorption of electrolytes on the 
surface of the membrane. This leads to an increased CPE3L, as demonstrated by the EEC parameters 
(Figure 5.12), indicating that npPLA/PEDOT/npPLA/VDAC membranes are potential candidates 
for the fabrication of bio-supercapacitors.  
 




In conclusion, we have established an efficient methodology for the functional incorporation of 
porins in self-supported, stable, size-adaptable and conducting polymeric membranes made of PLA 
and PEDOT. The surface of the different layers was characterized and the nanofeatures such as 
nanoperforations were evidenced. The presence of the protein was demonstrated by fluorescence, 
FTIR and XPS. The incorporation of the VDAC36 protein is accompanied by a distinctive 
electrochemical behavior as demonstrated by EIS measurements. The electrical resistance of the 
material in a NaCl solution was greatly reduced by incorporation of the channel protein. The 
complete description of the electrical equivalent circuits helped to understand the exact effects of 
the protein on the material properties.  In addition, the supercapacitive of the PEDOT layer was 
preserved and enhanced by the protein. The membranes developed in this work are promising 
electrode materials for advanced bio-supercapacitors in energy storage functions.   
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6. Enhanced biomimetic membrane made of PLA, PEDOT-P3DT and 
VDAC36 
Summary 
The transport of metabolites across robust, flexible and free-standing biomimetic membranes made 
of three perforated poly(lactic acid) (pPLA) layers, separated by two anodically polymerized 
conductive layers of poly(3,4-ethylenedioxythiophene-co-3-dodecylthiophene), and functionalized 
on the external pPLA layers with a voltage dependent anion channel (VDAC) protein, has been 
demonstrated in the previous section. The three pPLA layers offer robustness and flexibility to the 
bioactive platform and the possibility of obtaining conducing polymer (CP) layers by in situ anodic 
polymerization. The incorporation of dodecylthiophene units, which bear a 12 carbon atoms long 
linear alkyl chain, to the conductive layers allows mimicking the amphiphilic environment offered 
by lipids in cells. This increases by 32% the efficiency of the functionalization with the protein, 
which is preferably immobilized inside the PLA perforations, with respect to the system without 
dodecylthiophene units. Electrochemical impedance measurements in NaCl and adenosine 
triphosphate (ATP) solutions, using protein-functionalized and non-functionalized (control) free-
standing membranes, prove that the integration of the VDAC porin considerably increases the 
membrane conductivity and facilitates the electrolyte diffusion, the latter being not detected for 





Biomimetics takes advantage of the natural structures found in biological systems permitting a 
nanoscopic development of functional materials. Within this context, nanomaterials based on 
proteins offer countless potential nano-sized devices such as nanoreactors [1], filtration devices [2], 
nanosensors [3-4], or drug delivery systems [5]. Many of these applications usually require channel 
shaped components, which provide nanoscopic pathways for the passage of ions and small 
molecules. Appropriately, a class of outer membrane proteins (OMPs) found in gram-negative 
bacteria and mitochondria, called porins, can naturally form -barrel channels [6].
 
They act as the 
gates of the cell membrane. The majority of the porins does not present any particular selectivity 
and allows the passive diffusion of various hydrophilic solutes, such as ions, sugars, amino acids 
and ATP [7].  
The outside facing part of -barrel channels is hydrophobic to match the alkyl chains of the 
membrane lipids, while the internal water-filled part contains charged and hydrophilic residues. The 
size of the pore, which usually ranges from 10 to 40 Å, prevents bulky molecules to be diffused and 
the internal hydrophilic region defines the permeation mechanism of species crossing the channel 
[8]. In addition, β-barrels exhibit exceptional robustness and stability over time and temperature [9-
10].
 
Those features make porins competitive for their insertion in non-biological synthetic 
environment such as polymers. From such perspective, the approaches used to modify polymeric 
membranes, which can be free-standing or tethered onto solid supports, with functional 
biomolecules are those based on the utilization of amphiphilic copolymers and nanostructured 
polymers [3]. 
In a recent study, ion-responsive hybrid nanomembranes (NMs) were developed by combining 
poly(N-methylpyrrole) (PNMPy), a conducting polymer (CP) that was electrochemically 
synthesized onto a rigid stainless steel electrode, with the Omp2a porin [11]. Electrochemical 
studies on the resulting system (PNMPy/Omp2a) showed the activity of the protein to promote the 
passive transport of K
+
 through the CP membrane. More recently, another hybrid NM was 
engineered by immobilizing the same protein onto nanoperforated poly(lactic acid) (pPLA) NMs, 
the resulting system being denoted npPLA/Omp2a [12]. Immobilization of the protein around and 
inside the nanoperforations, which exhibited an average diameter of 51  22 nm and a depth of 100 
nm, greatly increased the material conductivity and selectivity against some ions. Despite the 
capacity of pPLA and pPLA/Omp2a NMs to be free-standing, the difficulties associated with their 
handling limited ion diffusion and electrical measurements, which were conducted using NMs 
supported onto ITO substrates [12]. Under these conditions, the conductivity of pPLA/Omp2a 
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membranes was comparable to that of the same protein supported onto lipid bilayers (LB) 
(LB/Omp2a) [13]. However, the suppression of the solid support to have biomimetic and flexible 
platforms with conducting channels for the metabolite transport is highly desirable.  
Taking advantages of previous studies based on PNMPy/Omp2a, npPLA/Omp2a and LB/Omp2a, 
the novelty of the present work relies on the design of an advanced functional platform by 
immobilizing porin proteins onto a smart free-standing biomimetic membrane. This biomimetic 
membrane consists of three PLA layers with sub-micrometric perforations (pPLA layers) separated 
by two layers of a CP, which was prepared by electropolymerization. Although poly(3,4-
ethylenedioxythiophene) (PEDOT) is the most stable and electroactive heterocyclic CP, [14–18] in 
this wor the two conducting layers have been prepared using a copolymer (COP) of 3,4-
ethylenedioxythiophene (EDOT) and 3-dodecylthiophene (3DT). The incorporation of 3DT units, 
which bear a 12 carbon atoms long linear alkyl chain (Figure 6.1), is aimed to mimic the natural 
amphiphilic environment (i.e. lipids) required by OMPs, without losing of the excellent conductive 
properties of PEDOT.  
 
Figure 6.1: Chemical structure of the 3,4-ethylenedioxythiophene (EDOT; left) and 3-dodecylthiophene (3DT; 
right) repeat units. 
The resulting free-standing 5-layered membrane, hereafter named 5-pPLA/COP, has been 
transformed into 5-pPLA/COP/VDAC by immobilizing a Voltage Dependent Anion Channel 
(VDAC) protein at the external pPLA layers. VDACs are porins found in the outer mitochondrial 
membrane of all eukaryotic cells and are associated with the permeability of the mitochondria [19]  
and regulate the diffusion of ions and metabolites such as nicotinamide adenine dinucleotide 
hydrogen (NADH) or adenosine triphosphate (ATP) [20].
 
The protein used to prepare 5-
pPLA/COP/VDAC is VDAC36 from Solanum tuberosum, a plant model organism [21]. Although 
the molecular weight of this voltage-dependent anion selective porin is similar to that of Omp2a (36 
and 39 kDa, respectively), these two proteins highly differ in the diameter of their channel. The 
effective diameter of the protein channel of VDAC36 and Omp2a is about 2.0 and 1.2 nm, 
respectively, and, therefore, the former is expected to allow the diffusion of larger solutes than the 
latter [22-23]. In order to ascertain the influence of the dodecyl side groups in the functionalized 
device, the performance of 5-pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC (Figure 6.2), in 
140 
 
which the two COP layers have been substituted by the PEDOT homopolymer, has been compared. 
Moreover, the benefits provided by the VDAC36 protein have been evaluated by comparing the 
transport of ions across protein functionalized and non-functionalized free-standing membranes, the 
latter being named 5-pPLA/COP and 5-pPLA/PEDOT.
 
 
Figure 6.2: Representation of the 5-pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC membranes.  
The 5-pPLA/COP/VDAC system shows the handling advantages of free-standing multi-layered 
films, integrates nanosheets of insulating polymers with electropolymerized CP layers through the 
perforations induced in the former, and brings together the benefits associated to each component: 
the good mechanical integrity of biodegradable PLA, the good conductive and electrochemical 
response of PEDOT copolymers, the biomimetic environment created by 3DT units, and the ability 
to regulate the diffusion ATP ions of VDAC36. As a result, hybrid 5-pPLA/COP/VDAC represents 
a significant improvement with respect to nanomembranes previously engineered for metabolite 
transport. 
6.2. Methods 
Materials. PEDOT:poly(styrene sulfonate) (PSS) 1.3 wt. % dispersion in water, EDOT and 3DT 
monomers, poly(vinyl alcohol) (PVA) 87-89% hydrolyzed and lithium perchlorate (LiClO4) were 
purchased from Sigma-Aldrich (USA); LiClO4 was stored at 80 °C before its use. PLA 2002D 
pellets were supplied by Nupik International (Polinyà, Spain). Acetonitrile and 
hexafluoroisopropanol (HFIP) were purchased from Panreac Quimica S.A.U. (Spain). 
Synthesis of PEDOT and COP. Both PEDOT and COP were prepared by anodic polymerization 
using an Autolab PGSTAT302N controlled by the NOVA software. Polymerizations were carried 
out by chronoamperometry (CA) in a three-electrode cell filled with a 0.1 M LiClO4 acetonitrile 
solution containing 10 mM EDOT for PEDOT or 7 mM EDOT + 3 mM 3DT for COP. In both 
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cases, a constant potential of +1.40 V was applied and the polymerization charge was adjusted to 30 
mC. Polished steel AISI 304 sheets (1×1 cm
2
) were employed as working and counter electrodes, 
while the reference electrode was an Ag|AgCl standard electrode (KCl 3M). 
Synthesis of 5-layered free-standing films. Films containing 3 layers of pPLA separated by 2 
layers of PEDOT or COP were prepared by combining the spin-coating and the anodic 
polymerization (CA) techniques.
 
sacrificial layer of PEDOT:PSS by spin-coating deposition (1200 rpm for 60 s). Then, a PLA:PVA 
layer was generated onto the sacrificial layer by spin-coating (1200 rpm for 60 s) a 80:20 v/v 
mixture of PLA (10 mg/mL) and PVA (10 mg/mL) HFIP solutions. The perforated PLA layer 
(pPLA) was obtained by removing the PVA domains via water etching. The resulting 
PEDOT:PSS/pPLA bilayer was used as working electrode for the anodic polymerization of COP or 
PEDOT doped with ClO4–, as described before. Afterwards, the following pPLA, COP or PEDOT 
layers were obtained by iterating this procedure. Then, 5-layered films of composition 
pPLA/COP/pPLA/COP/pPLA (5-pPLA/COP) and pPLA/PEDOT/pPLA/PEDOT/pPLA (5-
pPLA/PEDOT), still supported onto the PEDOT:PSS-coated steel substrate, were achieved. These 
supported membranes were easily detached from the metallic substrate by selective elimination of 
the PEDOT:PSS sacrificial layer. This was achieved by submerging the supported membranes into 
milli-Q water for 24 h. Finally, 5-layered membranes were completely detached from the steel 
substrate with the help of tweezers, and converted into self-supported multi-layered films. 
Expression and purification of the VDAC36 protein. Escherichia coli BL21 (DE3) bacteria were 
transformed to produce 6 His-tagged VDAC36 proteins in inclusion bodies. Bacteria were then 
lysed and centrifuged to obtain the final pellet corresponding to the non-purified proteins. VDAC36 
was then purified by Ni
2+
 affinity column. VDAC36 was eluted and the buffer was exchanged to 20 
phosphate, 60 mM SDS and 1.5 M MPD with a PD10 desalting column.  
Functionalization of 5-pPLA/COP and 5-pPLA/PEDOT membranes. In order to integrate the 
porin, the VDAC36 protein was incubated with the free-standing 5-pPLA/COP and 5-
pPLA/PEDOT membranes. Films were placed in 1 mL of a protein solution, which contained 0.85 
mg/mL VDAC36, 60 mM SDS and 1.5 M MPD, for 12 h at room temperature. The resulting 5-
pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC functionalized membranes were rinsed three times 
with milli-Q water to remove residues. Blank (non-functionalized) 5-pPLA/COP and 5-
pPLA/PEDOT membranes were obtained using the same solution (i.e. 60 mM SDS and 1.5 M 
MPD) but without VDAC36. 
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The concentration of immobilized protein was determined using a UV–Vis Cary 100 Bio 
spectrophotometer (Agilent, USA) and a 1 cm length quartz cuvette. The absorbance from 250 to 
300 nm was recorded for the protein solutions before and after incubation with the polymeric 
membranes. The spectra for the solutions after incubation were corrected by subtracting the spectra 
of the rinsing solutions. 
FTIR spectroscopy. FTIR spectra were recorded on a Nicolet 6700 spectrophotometer by 
transmittance. For this purpose, the films were removed from the substrate, mixed with KBr and 
compressed to create discs, which were measured at a 4 cm
-1
 resolution (64 scans).  
X-ray photoelectron spectroscopy (XPS). X-ray photoelectron spectroscopy (XPS) analyses were 
performed in a SPECS system equipped with a high-intensity twin-anode X-ray source XR50 of 
Mg/Al (1253 eV/1487 eV) operating at 150 W, placed perpendicular to the analyzer axis, and using 
a Phoibos 150 MCD-9 XP detector. The X-ray spot size was 650 mm. The pass energy was set to 25 
and 0.1 eV for the survey and the narrow scans, respectively. Charge compensation was achieved 
with a combination of electron and argon ion flood guns. The energy and emission currents of the 
electrons were 4 eV and 0.35 mA, respectively. For the argon gun, the energy and the emission 
currents were 0 eV and 0.1 mA, respectively. The spectra were recorded with a pass energy of 25 
eV in 0.1 eV steps at a pressure below 6·10
-9
 mbar. These standard conditions of charge 
compensation resulted in a negative but perfectly uniform static charge. The C1s peak was used as 
an internal reference with a binding energy of 284.8 eV. High-resolution XPS spectra were acquired 
by Gaussian/Lorentzian curve fitting after S-shape background subtraction. The surface composition 
was determined using the manufacturer's sensitivity factors. 
Scanning electron microscopy (SEM). The morphology of the different samples was studied by 
scanning electron microscopy (SEM). Micrographs were acquired in a Focused Ion Beam Zeiss 
Neon 40 equipped with an EDX spectroscopy system, operating at 2 or 5 kV, depending on the 
sensitivity to beam degradation of the studied systems. 
Contact angle. The wettability of the NMs was analysed by a sessile water drop method with the 
equipment OCA 20 (DataPhysics Instruments GmbH, Filderstadt). Images of 5 μL milli-Q water 
drops onto the samples surfaces were recorded after stabilization (5 s) with the software SCA20. 
The contact angle () value for each sample was expressed as the average of at least 10 independent 
measures  the corresponding standard deviation. 
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Profilometry. Film thickness and roughness measurements were carried out using a Dektak 150 
stylus profilometer (Veeco, Plainview, NY). Conducted using the following settings: tip radius = 2.5 
μm; stylus force = 3 mg; scan length = 1000 μm; speed = 33 μm s
−1
. 
Electrochemical measurements. The electroactivity and electrostability of the prepared NMs were 
studied by cyclic voltammetry (CV) through direct measure of the anodic and cathodic areas in the 
control voltammograms using the Nova software. A three-cell electrode was used with phosphate 
buffer saline (PBS) 0.1 M (pH 7.4) as electrolyte solution. The initial and final potential was –0.20 
V, while the reversal potential was 1.00 V. A scan rate of 50 mV/s was used in all cases. All 
experiments were repeated three times.   
Electrochemical impedance spectroscopy (EIS). The electroactivity and electrostability of the 
new platforms were studied by cyclic voltammetry (CV) through direct measure of the anodic and 
cathodic areas in the control voltammograms using an Autolab PGSTAT302N potentiostat 
controlled by the NOVA software. A three-cell electrode composed by the free-standing NMs as 
working electrode (WE), platinum wire as counter-
(KCl, 3M), was used. The electrolyte solution was composed of 0.1 M phosphate buffer saline 
(PBS) solution (pH 7.4). The initial and final potential was –0.20 V, while the reversal potential was 
1.00 V. A scan rate of 50 mV/s was used in all cases. All experiments were repeated three times.   
Electrochemical impedance spectroscopy (EIS) measurements were performed using a conventional 
three-electrode cell and an AUTOLAB-302N potentiostat/galvanostat operating between the 
frequency range of 105 Hz and 10-2 Hz and 10 mV of amplitude for the sinusoidal voltage. All 
experiments were performed at room temperature with 5-layered free-standing membranes. For the 
EIS assays the electrolyte solutions were: 0.5 M NaCl, 0.5 M ATP and 0.1 M ATP. Platinum wire 
was used as counter-electrode, whereas Ag|AgCl saturated (KCl 3M) was employed as reference 
electrode. 
6.3. Results and discussion 
Characterization of COP and PEDOT 
In order to facilitate the identification of the CP layers in 5-layered membranes, COP and PEDOT 
films were characterized using FTIR and SEM. Figure 6.3 compares the FTIR spectra recorded for 
COP and PEDOT, both showing the polythiophene characteristic bands. COP and PEDOT spectra 
show the asymmetric and symmetric stretching vibrations of the methylene groups at 2916-2864 
cm
-1
, even though these are more intense for the former than for the latter due to the long alkyl chain 
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of 3DT monomers. Moreover, the COP also presents a small band at 729 cm
-1
, which has been 
attributed to the rocking of the methylene groups [24-25]. Besides, the absorption bands displayed  
at 1648 cm
-1
 and 1520 cm
-1
 correspond to the vibrations of the aromatic thiophene ring, whereas the 
bands at 1086 cm
-1
 and 620 cm
-1
 have been attributed to the ethylenedioxy group (C–O–C 
stretching) and the C–S characteristic peak of the thiophene ring, respectively [26].  
 
Figure 6.3: FTIR spectra of PEDOT and COP. 
On the other hand, the successful incorporation of 3DT units to COP chains was also corroborated 
by XPS analyses (Table 6.1). For PEDOT, the S 2p / C 1s ratio is 0.15, which almost matches the 
theoretical value of 0.16. For COP, the experimental and theoretical S 2p / C 1s ratios decrease to 
0.11 and 0.09, respectively, the difference between them being essentially attributed to: (i) the 
overoxidation of 3DT units (i.e. the β or β’ position of the thiophene ring are free in 3DT units, 
while they are blocked in EDOT units), which also affects the O 1s content; and/or (ii) the content 
of EDOT units in COP chains is slightly higher than the content of 3DT units (i.e. 1.2 times, if the 
influence of factor (i) is neglected). Comparison of the theoretical and experimental O 1s / C 1s 
ratios for PEDOT) indicates that the content of O 1s is higher than expected, evidencing the 
adsorption of CO2 and water molecules (i.e. PEDOT is a hydrophilic polymer) from the 
atmosphere. Considering that the adsorption of CO2 and water is similar for PEDOT and COP, the 
experimental value of the O 1s / C 1s ratio obtained for the latter, which is significantly higher than 
the theoretical one, confirms the overoxidation of the 3DT units. 
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Table 6.1: Atomic percent composition (C 1s, S 2p and O 1s) obtained by XPS for PEDOT and COP films. 
Theoretical and experimental S 2p / C 1s ratios are displayed for comparison. 
Sample C 1s S 2p O 1s S/C Theo. ratio (%) S/C Exp. ratio (%) 
PEDOT 62.74 9.24 28.02 0.16 0.15 
COP 65.47 7.37 27.16 0.09 0.11 
The surface morphologies of COP and PEDOT films are compared in Figure 6.4. As shown in SEM 
micrographs, both materials exhibit a typical coral-like morphology. In recent studies phase contrast 
AFM images were used to identify a phase segregation phenomenon in poly(3,4-
ethylenedioxythiophene-co-N-methylpyrrole), P(EDOT-co-NMPy),28 in which EDOT- and NMPy-
rich blocks organized in separated phases. Comparison of the phase contrast AFM images obtained 
for COP and PEDOT (Figure 6.5) does not allow detecting phase segregation, suggesting that the 
distribution of EDOT and 3DT units in COP chains is very homogeneous [27].  
 




Figure 6.5: Representative height and phase contrast AFM images of (a) COP and (b) PEDOT. 
The incorporation of the long alkyl chains to the polythiophene backbone affects the thickness, the 
surface topography and the water wettability of the films. Although COP and PEDOT films were 
prepared using identical conditions, the average thickness of the former is more than twice that of 
the latter (i.e. 381 ± 59 and 171 ± 26 nm, respectively). Similarly, the root-mean-square roughness 
(Rq) values reflects a smoother surface for COP than for PEDOT (i.e. Rq= 235 ± 68 and 311 ± 31 
nm, respectively). Moreover, the water contact angle (WCA) increased from 57° ± 5º for PEDOT to 
64° ± 7º for COP.  
Finally, control voltammograms of COP and PEDOT films deposited onto steel sheets were 
conducted in 0.1 M PBS to study the effect of the 3DT units on the electroactivity and 
electrostability of the samples. As shown in Figure 6.6, the charge stored in both samples is similar, 
indicating that the incorporation of thiophene monomers bearing alkyl chain does not significantly 
affect the electroactivity of the film. After 25 consecutive oxidation–reduction cycles (solid lines) 





Figure 6.6: First control voltammogram (dashed lines) and voltammogram after 25 consecutive oxidation–
reduction cycles (solid lines) in PBS 0.1 M for steel, PEDOT and COP. 
Free-standing 5-layered membranes 
Supported 5-pPLA/COP and 5-pPLA/PEDOT free-standing membranes were prepared by alternating 
spin-coated pPLA and electropolymerized conductive COP or PEDOT layers, as previously described 
in the method section. When spin-coating the 1
st
 pPLA layer onto the PEDOT:PSS sacrificial layer 
(thickness: 302 ± 3 nm), the strategy of using two immiscible polymers (PLA:PVA, 80:20 v/v) 
resulted in the formation of segregated pseudo-spherical domains, as shown in Figure 6.7a. The 
diameter of such features was adjusted to the entire film thickness by regulating the operational 
conditions of the spin-coating process (i.e. time and angular speed) and the concentration of the less 
abundant polymer (PVA) in the feeding mixture. Afterwards, PVA domains were successfully 
removed by solubilizing them in water and perforations of 462 ± 219 nm in diameter were obtained.It 
is worth noting that the formation of such perforations is required for successful 
electropolymerization of the 2
nd 
conducting layer (i.e. the access of the 3DT and EDOT monomers to 
the conducting PEDOT:PSS sacrificial layer, which acts as working electrode in the 
electropolymerization, is possible because of the perforations. 
The surface morphology of COP and PEDOT in the 2
nd
 layers, which was checked by SEM (Figure 
6.7c and d, respectively), very similar to that displayed by the CPs directly generated onto steel 
substrates. This demonstrates that perforations were successfully formed by phase segregation in the 
1
st
 pPLA layer. The absence of perforations in the PLA layer was found to preclude the formation of 
homogeneous CP layers since the microstructure of the former hinders the action of the PEDOT:PSS 
working electrode in the anodic polymerization process. SEM micrographs displayed in Figure 6.7e 
and f show the morphology of the 3
rd
 pPLA layer deposited onto the 2
nd
 COP and PEDOT layers, 
respectively. In both cases rounded-shape perforations with average diameter of 245 ± 96 nm, 
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respectively, are observed. As shown in Figure 6.7, the 4
th
 COP and PEDOT layers were successfully 
generated onto the 3
rd
 pPLA layer, evidencing that 3DT and/or EDOT monomers were able to access 
the CP chains deposited in the 2
nd
 layer through the perforations of the 3
rd
 pPLA layer. Finally, Figure 
6.7i and j show the morphology of the outer pPLA layer (i.e. the fifth layer of the 5-pPLA/COP and 
5-pPLA/PEDOT biomimetic membranes). In this case, the average diameter of the perforations 
increased o 321 ± 150 nm and 403 ± 294 nm, respectively. The diameter of the perforations in the 3rd 
and 5th pPLA layers is affected by the morphology and topography of the previous CP layers. Indeed, 
the diameter of the perforations is smaller in 5-pPLA/COP than in 5-pPLA/PEDOT since the surface 
roughness is lower for COP layers than for PEDOT layers. Besides, the 4
th
 COP or PEDOT layer can 
be observed through the perforations of the outer pPLA layer in Figure 6.7i and j.  
The total thickness of 5-pPLA/COP films is 998 nm ± 57nm, while that of 5-pPLA/PEDOT is 741 nm 
± 23 nm. These values are consistent with the sum of the thciknessses obtained for single-layered 
films: COP and PEDOT supported onto steel (i.e. 381 ± 59 and 171 ± 26 nm, respectively) and the 
pPLA spin-coated using a  v/v 80:20 PLA:PVA mixture (i.e. 170  14 nm) [28]. Similarly, the surface 
roughness is significantly higher for 5-pPLA/COP (Rq= 418 nm  76 nm) than for 5-pPLA/PEDOT 
(Rq= 185 nm  50 nm), which differs from the results discussed for the CPs directly generated onto 
steel. This has been attributed to the templating effect induced by the alkyl chains of the COP when it 
grows onto elastic pPLA membranes. On the other hand, the water wettability, which is mainly 
controlled by the outer pPLA layer, is pretty similar for the two 5-layered systems (θ = 88º  6º and 




Figure 6.7: SEM images of the five layers involved in 5-pPLA/COP and 5-pPLA/PEDOT systems. (a) spin-
coated 80:20 PLA:PVA layer. (b) 1st pPLA layer after elimination of PVA by water etching. (c) 2nd COP or 
(d) PEDOT layer electropolymerized onto the 1st pPLA layer. 3rd pPLA layer spin-coated onto the 2nd (e) 
COP or (f) PEDOT layer. 4th (g) COP or (h) PEDOT layer electropolymerized onto the 3rd pPLA layer. 5th 
pPLA layer spin-coated onto the 4th (i) COP or (j) PEDOT layer. 
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The electroactivity and electrostability of the two 5-layered membranes have been examined to 
confirm the efficiency of the oxidation-reduction processes when insulating PLA sheets separate the 
CP layers. Figure 6.8 compares the cyclic voltammograms recorded in PBS 0.1 M for free-standing 5-
layered membranes. As expected, the electrochemical activity is lower for free-standing membranes 
than for CP films supported on steel substrate due to the presence of pPLA layers. The loss of 
electrochemical activity (LEA) after 25 consecutive redox cycles is lower for 5-pPLA/PEDOT than 
for 5-pPLA/COP (LEA = 1% and 17%, respectively). Additionally, the robustness and flexibility of 
the free-standing membranes were observed by the manipulation of the films. Then, Figure 6.9 shows 
digital camera images of a 5-pPLA/COP membrane, which was fabricated and detached. The 
sequence of images reveals that the free-standing films are not only manageable and robust but they 
are also very flexible. Figure 6.9 shows the aspiration process of a film, with an area of 0.5 cm², 
floating in water into a pipette with a tip diameter of 1.5 mm. Due to its outstanding flexibility, the 5-
layered membrane does not obstruct the pipette tip but, instead is completely introduced and delivered 
from it without damage. After release into the solvent, the film slowly tends to recover its original 
shape. Then, the film can be dried for manipulation without damaging its structure. This process (i.e. 
aspiration, release, shape recovery and drying step) can be repeated at least five times without any 
damage to the membrane. The same behaviour was obtained for 5-pPLA/PEDOT films (not shown 
here). 
 
Figure 6.8: First control voltammogram (dashed lines) and voltammogram after 25 consecutive oxidation–




Figure 6.9: Digital camera images of a 5-pPLA/COP free-standing film immersed in water (b1); aspired film 
floating in water into a pipette (b2); aspect of the film while it recovers the shape once it has been released 
(b3); and dried film after having completely recovered the shape (b4). 
Functionalization of 5-layered membranes with proteins 
The VDAC36 porin was incorporated to free-standing 5-pPLA/COP and 5-pPLA/PEDOT by 
incubating for 12 hours the free-standing membranes in a 0.85 mg/mL protein solution with 60 mM 
SDS and 1.5 M MPD. After rinsing with milli-Q water, the successful immobilization of the protein 
on the membranes was examined by FTIR spectroscopy. The FTIR spectra of 5-pPLA/COP and 5-
pPLA/PEDOT before and after functionalization are compared in Figure 6.10. Unfortunately, the 
bands associated to the amide I, which mainly corresponds to the C=O stretching) and side chain 
bands of charged amino residues (all them between 1600 and 1750 cm
-1
) cannot be used for protein 
identification due to the overlapping with the bands associated to the aromatic thiophene ring (C=C 
and C–C stretching) of COP or PEDOT (Figure 6.3). However, the amide II band, which results 
from the N–H bending and the C–N stretching vibrations, and the amide III band which is a very 
complex band that comes from a mixture of several coordinate displacements (i.e. N–H in plane 
bending coupled with C–N stretching and, also C–H and N–H deformation vibrations) are clearly 
recognizable at 1517 and 1200-1300 cm
-1
, respectively. Thus, the latter bands, which do not appear 
in the free-protein 5-pPLA/COP and 5-pPLA/PEDOT samples, are indicators of the VDAC36 




Figure 6.10: FTIR spectra of the 5-layered films before and after incorporation of the VDAC36 protein. The 
amide II and amide III protein bands are highlighted. 
The chemical structure of functionalized 5-layered membranes was further characterized by XPS. 
Table 6.2 compares the surface atomic compositions of 5-pPLA/COP/VDAC and 5-
pPLA/PEDOT/VDAC with those of the corresponding controls, which were prepared incubating the 
free-standing membranes in a 60 mM SDS and 1.5 M MPD solution without protein. Whilst the 
penetration of X-ray radiation is expected to be 10 nm, here the penetration is unknown due to 
both the nanometric thickness of the layers and the filling of the perforations of the outer pPLA 
layers (see below). The N 1s detected in the composition of 5-pPLA/COP and 5-pPLA/PEDOT 
controls has been attributed to the usual N2 contamination from air. However, the N 1s increases 
from 0.63-0.64% in the control samples to 0.89% and 0.85% in 5-pPLA/COP/VDAC and 5-
pPLA/PEDOT/VDAC, respectively, supporting the successful integration of the VDAC36 onto the 
surface of the films. 
Table 6.2: Atomic percent composition (C 1s, O 1s, S 2p and N 1s) obtained by XPS for control and 
functionalized 5-layered films. 
Sample C 1s (%) O 1s (%) S 2p (%) N 1s (%) 
5-pPLA/COP (control) 57.71 35.24 6.42 0.63 
5-pPLA/COP/VDAC 69.66 22.30 7.48 0.89 
5-pPLA/PEDOT (control) 66.05 27.27 6.05 0.64 





Figure 6.11 displays the high-resolution XPS spectra in the S 2p region for functionalized and 
control films, which show the spin-split sulphur coupling S 2p3/2 and S 2p1/2 with a separation of 1.2 
eV. The spectrum recorded for the 5-pPLA/COP control sample reveals two peaks, which transform 
into six (A-F) after deconvolution (3 for S 2p3/2 and 3 for S 2p1/2). The peak at 167.9 eV (after 
deconvolution A and B at 167.7 and 168.9 eV, respectively) corresponds to the –SO3
–
 of the SDS 
used in the incubation buffer. The second peak at 163.7 eV has been associated to the signals of the 
thiophene rings: the C–S–C bond (C and D at 163.2 and 164.4 eV, respectively) and its homologous 
with positively charged sulphur, C–S
+
–C (E and F at 164.2 and 165.4 eV, respectively) [29]. The 
same trends are observed in the spectrum obtained for the 5-pPLA/PEDOT control, the only 
difference with respect to 5-pPLA/COP being that the binding energies of the peaks from the 
experimental profile and from deconvolution decrease by 1.1 eV. For both control films, the 
sulphur content at the surface originating from SDS was slightly higher than from the CP (Table 
6.3). 
 
Figure 6.11: High-resolution XPS spectra in the S 2p region for 5-pPLA/COP and 5-pPLA/PEDOT control 
films (i.e. samples incubated in a 60 mM SDS and 1.5 M MPD aqueous solution without protein) and 
functionalized 5-pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC films (i.e. films incubated in a 60 mM SDS 
and 1.5 M MPD aqueous solution with 0.85 mg/mL VDAC36). The recorded spectrum is displayed in black, 
the curves coming from the deconvolution are shown in gray, and red lines correspond to the background and 
profile obtained by summing the curves from deconvolution.  
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Table 6.3: Distribution of the S 2p atomic percent composition as obtained by XPS for control and 
functionalized 5-layered films. 
Sample S 2p (%) 166.9 eV  S 2p (%) 162.4 eV 
5-pPLA/COP (control) 59.92 40.08 
5-pPLA/COP/VDAC 100 0 
5-pPLA/PEDOT (control) 58.27 41.73 
5-pPLA/PEDOT/VDAC 100 0 
Interestingly, biofunctionalized 5-pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC films do not 
show the peak associated to the CP. Thus, the only detected peak, which appears at 168.8 eV, 
corresponds to the detergent of the solution used for the incubation of the protein. As shown in the 
SEM micrographs discussed above (Figure 6.7), the CP layers are accessible through the 
perforations in the outer pPLA layers before functionalization. Accordingly, the disappearance of 
the thiophene peak from the XPS spectra in the S 2p region indicates that the protein fills the 
perforations and adsorbs on the underlying CP layer, occulting the presence of COP or PEDOT. 
Although these results demonstrate the immobilization of VDAC36 inside the perforations, looking 
for the accessible CP chains, its adsorption onto the PLA at surface of the outer layers cannot be 
ruled out. However, it is well-known that the physical immobilization of proteins and protein 
aggregates on flat surfaces, as for example the spin-coated PLA, is more difficult than onto rough 
surfaces, as for example the electropolymerized CP [30]. 
 
In order to quantify the amount of VDAC36 retained by the films, the solutions containing the 
protein were analyzed by UV absorbance. More specifically, the absorbance at 280 nm was 
determined for the protein solution before and after films incubation, correction of the rinsing 
solutions being applied to the latter. The VDAC36 molar extinction coefficient, calculated by the 




[31]. The original concentration was 0.847 mg/mL. After 
incubation, the concentrations were 0.825 and 0.830 mg/mL for the 5-pPLA/COP and 5-
pPLA/PEDOT, respectively. Accordingly, the quantity of protein retained by the 5-
pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC films is 2.704 and 2.043 µg/cm², respectively. This 
result indicates that the protein retention increased by 32% when 3DT units were incorporated to the 
CP layers, demonstrating the importance of the lipid-like environment for the incorporation of the 




EIS measurement of 5-pPLA/COP/VDAC biosensor 
EIS measurements were performed to study the effectiveness of the protein activity on the ion 
transport across the bioactivated free-standing membranes. Both functionalized and control free-
standing membranes were considered by using three different electrolyte solutions: 0.5 M NaCl, 0.5 
M ATP and 0.1 M ATP. The 0.5 M NaCl solution was selected as the standard to assess the 
membrane resistance and for further comparison to the results from previous works involving 
biomimetic membranes made of polymers and porins. Instead, the ATP electrolyte was examined to 
take profit of the main VDAC function in vivo, which is the transport of this metabolite across the 
mitochondrial membranes. Accordingly, 5-pPLA/COP/VDAC and, especially, 5-
pPLA/PEDOT/VDAC films are expected to behave as biosensors of relevant cellular compounds. 
The results were expressed as solution resistance (Rs), membrane resistance (RM) and membrane 
capacitance, i.e. the capacitance of real systems (CPE, constant phase element), by using the simple 




Figure 6.12: Nyquist plots for non-functionalized (control) and VDAC36-functionalized free-standing 5-




Figure 6.12 displays the collected impedance (Z) data as a Nyquist plot for the three studied 
electrolyte solutions, while the corresponding Bode plots (both impedance and phase angle results) 
are provided in Figure 6.13. Nyquist plots for functionalized membranes show a low capacitive 
semicircle in the high-frequency range and a straight ascending vertical line (almost 90º to the real 
axis) in the low-frequency range. This vertical line, which can be described as a “capacitive spike”, 
is consistent with a pure capacitor and reflect the diffusion of electrolytes. On the other hand, 
Nyquist plots for control 5-pPLA/COP and 5-pPLA/PEDOT membranes consist of a large 
semicircle (i.e. high capacitance), which extends from the high frequency to the low frequency 
range. The diameter of the semicircle, which is very sensitive to the microstructure of the 
membrane, is directly proportional to the membrane resistance. Accordingly, the results displayed in 
Figure 6.12 indicate that the incorporation of the VDAC36 protein inside the pores considerably 
increases the membrane conductivity. Besides, the Nyquist plots obtained for non-functionalized 
membranes in 0.5 M NaCl and 0.5 M ATP do not show any straight line ascending in the low 
frequency range indicating that diffusion is hindered in these systems. 
The impedance of the Bode plot shows that, in all cases, the solution resistance dominates at high 
frequency, while the sum of the solution resistance and the membrane resistance predominates at 
low frequency. Accordingly, in the low frequency range, functionalized and control membranes 





 appears for functionalized membranes, which corresponds to the 
parallel association of the membrane resistance and the membrane capacitance. Such a shoulder is 
associated to one time constant in the phase angle Bode plotn and it appears at lower log |Z| values 
for control membranes than for bioactivated membranes, reflecting the role of the porin in the 




Figure 6.13: Bode plots for non-functionalized (control) and VDAC36-functionalized free-standing 5-layered 
membranes in 0.5 M NaCl, 0.5 M ATP and 0.1 M ATP aqueous solutions. 
The noisy points that appear in the low frequency range of Nyquist plots, especially for 0.5 M ATP 
solution, has been associated to the free-standing nature of the membrane. This makes difficult the 
fitting of the experimental data to a proposed electric equivalent circuit (EEC) for explaining the 
whole EIS profiles. In order to overcome this drawback, the simplified Randles EEC (Figure 6.14) 
has been used to obtain the electrolyte resistance (Rs), the membrane resistance (RM), which 
represents the ability of the membrane to impede ion transport at the interface, and the double layer 
capacitance (Cdl) in parallel with RM, which can store only charge and ion movement. At high 
frequencies Cdl is close to 0 and the main contribution comes from Rs (i.e. the solution acts as an 
Ohmic resistor). Accordingly, the semicircles start at Rs (Figure 6.12). At high frequencies, Cdl has 
very high impedance values and all the current goes through RM. Therefore, the impedance 
contribution at the point where the right end of the semi-circle intercepts the y-axis is Rs + RM. Cdl 
has been modelled as a constant phase element (CPE), which represents the capacitance of real 
systems, as explained above). Thus, CPE represents the ability of the system to store charge, taking 
into account the contribution of all membrane components. In addition to the heterogeneity of the 
surface (i.e. roughness, porosity, reactivity), the CPE impedance (ZCPE) is related to non-uniform 




, where Q is the 
capacitance, i the imaginary number, ω the angular frequency, and n the exponent representing a 
pure capacitor (n = 1), a pure resistor (n = 0) or a diffusion process (n = 0.5) [32]. Both RM and CPE 
are expected to include the contribution of the VDAC36-integrated protein for 5-pPLA/COP/VDAC 
and 5-pPLA/PEDOT/VDAC membranes. 
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The parameters obtained from the best fitting of the experimental data in the semicircle to the 
Randles EEC are listed in Table 6.4. The presence of COP in membranes slightly increases the 
resistance of non-functionalized membranes, as RM is higher for 5-pPLA/COP than for 5-
pPLA/PEDOT by 11%, 7% and 4% in 0.5 M NaCl, 0.5 M ATP and 0.1 M ATP, respectively. This 
has been attributed to differences in the electrical conductivity of the CP matrices (i.e. the electrical 
conductivity is lower for COP than for PEDOT). The low conductivity of poly(3-alkylthiophene) in 
comparison to PEDOT was previously studied, being attributed to the self-rigidification of the 
thiophene ring in the latter [33]. More specifically, in PEDOT the -conjugation induced by the 
geometric restrictions imposed by the cyclic substituent and the electron-donating effects of the 
oxygen atoms produce a gain in aromaticity and favorable electrostatic interactions when planarity 
is reached. This gain is not achieved in poly(3-alkylthiophene), which reduces the aromaticity and 
the effective conduction pathways. On the other hand, the capacitive behavior of the non-




 layer.  
 
Figure 6.14: Randles electrical equivalent circuit (EEC) used to fit the experimental data in the semicircle of 




Table 6.4: Resistance of the electrolytic solution (Rs), resistance of the membrane (RM) and constant phase 
element (CPE) with the exponent parameter n for the different functionalized and non-functionalized (control) 
free-standing 5-layered membranes. Data were obtained by fitting the semicircle of the Nyquist plots from EIS 
measurements to a simple Randles circuit. The percentages in parenthesis indicate the resistance reduction for 
the membranes with the same CP after incorporation of the protein. 
Sample Rs (Ω) RM (kΩ·cm²) CPE (µF.s
n
) n 
NaCl (0.5 M) 
5-pPLA/COP/VDAC 102 2.36 (87%) 1.07 0.732 
5-pPLA/COP 102 17.85 4.61 0.876 
5-pPLA/PEDOT/VDAC 102 2.69 (83%) 0.53 0.768 
5-pPLA/PEDOT 102 16.03 4.50 0.814 
ATP (0.5 M) 
5-pPLA/COP/VDAC 431 14.40 (43%) 0.12 0.790 
5-pPLA/COP 431 25.12 5.00 0.689 
5-pPLA/PEDOT/VDAC 431 17.40 (26%) 0.16 0.766 
5-pPLA/PEDOT 431 23.52 4.64 0.679 
ATP (0.1 M) 
5-pPLA/COP/VDAC 202 2.07 (78%) 0.53 0.794 
5-pPLA/COP 202 9.53 4.72 0.674 
5-pPLA/PEDOT/VDAC 202 3.11 (66%) 0.35 0.751 
5-pPLA/PEDOT 202 9.18 4.60 0.653 
After the incorporation of the VDAC proteins, the diameter of the semi-circle decreases drastically. 
This reflects an enhanced flow of charges at the electrolyte–membrane interface, as well as an 
increment of current crossing the nanomaterial, both phenomena leading to a great reduction of RM 
when compared to the protein-free systems. The membrane resistance decay increases with the 
conductivity of the electrolyte solution. Moreover, the initial hypothesis that the incorporation of 
3DT units would help to retain a higher amount of protein and to keep it in its active form is fully 
supported by the EIS results. Indeed, the combination of COP and VDAC36 leads to a greater 
resistance reduction when combined with PEDOT.  
Figure 6.15 compares the resistance of free-standing membranes studied in this work with 
that of supported membranes reported in literature, before and after functionalization with 
porins. In all cases, RM was determined by EIS using NaCl as emectrolyte. The resistance of 
the free-standing 5-layered membranes functionalized with VDAC36 is slightly higher than 
previous obtained supported PNMPy/Omp2a [11] and pPLA/Omp2a
 
[12] membranes (RM = 
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0.6 and 0.3 k·cm², respectively). The latter were made by immobilizing the pore-forming 
Omp2a protein over a PNMPy film electropolymerized onto a rigid steel electrode and over 
a pPLA film spin-coated onto an ITO substrate, respectively. The thickness of the PNMPy 
and pPLA films (300 and 110  7 nm, respectively) was reported to be similar to those of 
the CP and pPLA layers in the 5-layered membrane developed in this work. Hence, the 
higher resistance of the free-standing films has been essentially attributed to the fact that 
supported membranes do not suffer drawbacks associated to the manipulation of thin free-
standing films, like the folds inducing local changes in the resistance. In order to confirm 
this assumption, the RM of supported 5-pPLA/PEDOT/VDAC and 5-pPLA/PEDOT 
membranes were determined by EIS in 0.5 M NaCl solution. As shown in Figure 6.15, the 
measured resistance (RM = 1.9 and 16.7 k·cm²) was lower than those obtained for the 
corresponding free-standing films. This indicates that the self-supporting capacity only 
produces a small increment in the resistance. 
 
Figure 6.15: Comparison of the membrane resistance (RM) values obtained in this work for free-standing 5-
pPLA/COP/VDAC and 5-pPLA/PEDOT/VDAC, 5-pPLA/COP and 5-pPLA/PEDOT membranes with those 
obtained for supported functionalized and non-functionalized membranes. RM values were determined by EIS 
using a 0.5 M NaCl electrolyte solution in all cases with exception of the supported PNMPy and 
PNMPy/Omp2a membranes, for which a 0.14 M NaCl electrolyte solution was used. 
On the other hand, Table 6.4 shows that, independently of the electrolyte solutions, CPE 
decreases after the integration of VDAC36, indicating that protein-promoted ion diffusion 
causes a loss of capacitance. For the study in 0.5 M NaCl, the increasing contribution of the 
diffusion process is also reflected by the reduction of the n exponent (see ZCPE expression). 
The opposite behavior is observed in the ATP solutions for which the n value is higher for 
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the functionalized membranes than for the control ones. This difference has been attributed 







 cm²/s for ATP and Cl
–
, respectively) but also to the binding affinity of ATP with 
VDAC proteins [34–36].  
Overall, results demonstrate that the VDAC36 protein was successfully integrated into the 5-
layered 5-pPLA/COP membrane. The incorporated protein induced electrochemical changes 
in the behaviour of the membrane by retaining its function and promoting the diffusion of 
ions, especially of ATP. The results also suggest that hybrid 5-pPLA/COP/VDAC films 
behave as smart capacitive membranes fulfilling the free-standing and mechanical integrity 






In the present study, a free-standing and conducting polymeric membrane with protein proteins 
immobilized has been developed and proved to be efficient for transport of ATP and NaCl, for the 
first time. The VDAC36 protein has been immobilized at the external layers of free-standing 5-
pPLA/COP membranes. The retention of such protein has been found to be higher for COP- than for 
PEDOT-containing membranes, indicating that the dodecyl alkyl chains successfully mimic the 
lipophilic environment of cell membranes. The incorporation of the porin, which retains its 
function, has induced important electrochemical changes in the membrane resistance and 
capacitance, promoting the diffusion of ions, especially of ATP. In conclusion, the hybrid system 
obtained by combining synthetic polymers (CP and biodegradable PLA) and porin proteins is well-
suited for the development of flexible biosensors with fully functional transmembrane ion channels. 
The new platform is free-standing and flexible, and can be applied in many biomedical 
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Each part of the thesis contains its own specific conclusion related to the undergone studies. The 
present section that concludes the whole thesis shall summarize the goals achieved.  
The first task was to further characterize the latest hybrid nanomaterial prepared by the IMEM 
laboratory. It was a nanofilm of perforated PLA loaded with the porin Omp2a. More precisely, the 
thermomechanical properties of the compounds (i.e. Omp2a and PLA) present in the material were 
investigated. For this purpose, we took advantage of the innovative SCALA device installed in our 
infrastructure. Using this method, silicon microcantilevers were coated with proteins or polymers. 
The thermal properties of the protein Omp2a were studied against temperature. Standard methods 
such as FTIR, CD and DLS were also performed to complement the SCALA measurement. The 
results demonstrated the high stability of β-barrel proteins up to 100°C as well as the aggregates 
rearrangement before loss of structural content in the protein. This work also established an efficient 
protocol for the future studies of biomolecules tethered to silicon substrates. 
In the next study, the microcantilevers were covered with different types of nanomodified PLA 
films. The effect of nanopores and nanoperforations on the thermomechanical properties was 
investigated. The apparent glass transition and the cold crystallization temperature increased with 
the presence of such nanofeatures. After that, the films were loaded with two drugs: curcumin and 
stiripentol. Both form nanodomains composed of drug aggregates, consequently affecting the 
intermolecular interactions within the film. The effect on the glass transition temperature is function 
of the size and abundance of the nanodomains which is a promising result to modulate the 
properties of functional nanomaterials. 
On the road to produce functional nanomaterials made of polymers and VDAC36, another pore-
forming protein, the first step was to obtain large amounts of the biomolecule. For this, the 
transformation of competent bacteria that would produce the protein VDAC36 was accomplished. 
The procedure to obtain Omp2a was already known while the one for VDAC36 was established. 
The subsequent overexpression and affinity purification steps were successfully completed to obtain 
a sufficient amount of proteins for the following studies. The proteins were refolded by using the 
SDS-MPD developed in the CPB laboratory of the University of Namur.  
Using spectroscopic methods, the VDAC36 secondary structure was determined and compared to a 
3D model of the protein we have built. By addition of MPD to the SDS buffer, the protein recovered 




VDAC was characterized in different refolding solutions in order to select the optimal conditions to 
preserve the most the β-barrel structure. The formation of oligomers was investigated by cross-
linking experiments, revealing the presence of dimers and tetramers. The latter showed instability 
against reducing agent, decomposing into dimers upon addition of β-mercaptoethanol. This result 
raised the hypothesis of a disulphide intermolecular bond, supported by a dimer theoretical model. 
Finally, VDAC36 was reconstituted into size-controlled liposomes made by extrusion and the size 
of the channel was determined to be 2.0-2.7 nm. The VDAC36 being fully described, and available 
in its active form, the next step focused on the development of the material that would contain the 
protein. 
The stacking of PLA and PEDOT nanofilms was performed to take profit of the promising PEDOT 
electrochemical features and the mechanical integrity and robustness of PLA. The PLA layers were 
prepared by spin-coating and nanoperforation by solvent etching. It allowed the PEDOT to grow by 
electropolymerization and cover the entire surface of PLA. The new layer was then covered by a 
new layer of PLA with nanoperforations where the protein was integrated. The electron microscopy 
studies revealed the correct superposition of each layer. Fluorescence, FTIR and XPS evidenced the 
presence of VDAC36 in the material. EIS was performed to thoroughly describe the electrical 
properties of the new multi-layered material. The addition of VDAC36 into the material decreased 
the electrical resistance and enhanced the supercapacitive properties of the material. Moreover, the 
electrical equivalent circuit helped to evidence the ion diffusion process after integration of the 
protein. 
The results of the 3-layered PLA/PEDOT membrane motivated us to consider some optimizations 
such as a higher robustness and higher content of retained protein. For the first goal, the membrane 
was extended from three to five layers by alternating PLA and PEDOT. For the latter, PEDOT was 
mixed with P3DT which contains a 12 carbon long alkyl chain instead of the ethylenedioxy group. 
Doing so, the monomer is mimicking the structure of the lipids present in the cell membrane. By 
providing a more suitable environment for the protein, it was expected to integrate more proteins in 
the material but also enhancing their activity. Both goals could be achieved and the response of the 
material in different electrolyte solutions was again monitored by EIS. The results were similar but 
more intense than the ones observed for the 3-layers material: a decrease in the resistance and an 
enhancement of the capacitive properties. Using biomolecules diffusing through the channel such as 
ATP, the electrical response given by the hybrid membrane differed according to the concentration 





7.1. Specific conclusions 
2. Thermomechanical response of Omp2a 
 Using CD and FTIR, the unfolding temperature of Omp2a was estimated to be 90°C. 
 The effective diameter of Omp2a measured by DLS increased from 6.1 nm at 20°C to 12.6 
nm at 60°C. This change was attributed to the formation of oligomers triggered by the rise 
of temperature. 
 Contact angle as well as XPS measurements confirmed the linking of the proteins onto the 
silicon cantilevers.  
 The SCALA equipment recorded the thermomechanical transitions of Omp2a. Four 
regimes were identified above 40°C. First, the interactions protein-substrate and protein-
protein were slightly altered. Then, the proteins formed bigger aggregates and the latter 
were reorganized when the temperature continues increasing. Finally, above 105°C the 
protein was unfolded. 
3. Effect of nanofeatures on the thermal transitions of PLA films 
 Using SCALA, the glass transition temperature (Tg) for ultra-thin films of PLA and PVA 
were determined to be 51°C and 87°C, respectively.  
 The Tg was affected by the presence of nanoperforations in the films. For 10 and 20% of 
perforations, the Tg were 58°C and 63°C, respectively. The changes were due to the 
additional interactions at the interface polymer-air. 
 The Tg of PLA films loaded with 10% curcumin was measured at 60°C. With 20% of 
curcumin, Tg dropped to 48°C.  
 The Tg of PLA films loaded with 10% stiripentol was measured at 61°C. With 20% of 
stiripentol, Tg dropped to 54°C.  
4. Structural and functional characterization of VDAC36 
 The VDAC36 protein was expressed in E. coli, purified by chromatography and the 
optimal refolding conditions (20 mM phosphate pH 8, 66 mM NaCl, 60 mM SDS and 1.5 
M MPD) were determined by CD and intrinsic fluorescence. 
 A 3D molecular model was built by threading to compare with the experimental results. 
The model presented a 64% of β-sheet content (vs 68% in the experimental data). In the 





 Using cross-linkers, the VDAC36 was proved to form dimers and tetramers. The latter 
were not stable in presence of a reducing agent, suggesting the presence of an 
intermolecular disulphide bond. 
 The presence of the disulphide bond could be supported by a modelling study. 
 VDAC proteins were reconstituted into 150 nm diameter liposomes to perform swelling 
assays. Doing so, the diameter of the protein channel was determined to be comprised 
between 2.0 and 2.7 nm. 
 Docking studies revealed the key residues able to bind ATP inside the pore: Lys-13, Arg-
16, Asp-10, Arg-21 and Lys-28. 
5. Biomimetic hybrid membranes made of PLA, PEDOT and VDAC36 
 The membranes were self-standing with a thickness of 1.2 µm. 
 The protein insertion into the film was verified by FTIR, fluorescence and XPS. 
 The impedance measurements were useful to completely describe the electrical equivalent 
circuit of the membrane with the presence of resistances for the electrolyte solution and the 
membrane as well as constant phase elements (capacitance). A Warburg element was also 
present corresponding to the diffusion of water molecules. 
 After integration of the protein, the resistance decreased from 21.9 to 3.9 k. The 
capacitive behaviour of the membrane was also enhanced.  
 A new element appeared in the equivalent circuit with the presence of VDAC36, 





6. Enhanced biomimetic membrane made of PLA, PEDOT-P3DT and VDAC36 
 The 5-layered films were free-standing and showed good robustness and mechanical 
integrity allowing easy manipulation. 
 The addition of 3DT in the conductive layers increased the thickness of the film from 741 
to 998 nm. 
 The surface of the conductive layer was smoother for the copolymer than the homopolymer 
and the wettability slightly increased. 
 The presence of 3DT did not affect the electroactivity of the material but the amount of 
protein retained increased by 32% using the copolymer rather than the homopolymer. 
 The protein immobilization was demonstrated by FTIR and XPS. It was shown that the 
proteins fill the nanoperforations present on the PLA surfaces. 
 After addition of the protein, the resistance of the membrane was decreased by 87% in 0.5 
M NaCl. 
 In 0.5 M NaCl, the capacitive behaviour of the membrane was reduced due to the promoted 
ion diffusion process induced by the protein. 
 The resistance of the material, after addition of VDAC36, was reduced by 43 and 78% in 
0.5 and 0.1 M ATP. 
 The ion diffusion process was less marked in ATP solutions due to the affinity of VDAC36 
to interact with its natural substrate. 
 
 
